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ATP Adenosine 5'-triphosphate I 
cAMP 3 ', 5 ' -cyclic adenosine mojiophosphate 
UDP-Glc Uridine-5'-diphosphate glucose 
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DTE Dithioerythreitol 
cGMP 3', 5'-cyclic guanosine moncphosphate 
DEAE Diethylaminoethyl 
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EGTA Ethyleneglycol-bis(3-aininoethyl ether)-N, 
N'-tetraacetic acid 
MES 2-(N-morpholino)ethanesulfonic acid 
SDS Sodium dodecyl sulfate 
TRIS Tris (Hydroxymethyl) aminomethane 
BSA Bovine serum albumin 
IMP Inosine 5'-monophosphate 
ITP Inosine 5'-triphosphate 
CTP Cytosine 5'-triphosphate 
UTP Uridine 5'-triphosphate 
G-6-P Glucose 6-phosphate 
AMP Adenosine 5'-monophosphate 
F-6-P Fructose 6-phosphate 
ADP Adenosine 5'-diphosphate 
Pi Inorganic phosphate 
AMPPCP Adenylyl (3,y-methylene)-diphosphate 
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GENERAL INTRODUCTION 
Phosphorylase h kinase (ATP; phosphorylase phosphotransferase, 
EC 2.7.1.38) is the key enzyme linking the hormonal and neural 
controls of glycogen metabolism in rabbit skeletal muscle. It 
was shown in 1956 that phosphorylase kinase catalyzes the conversion 
of phosphorylase b to the active a form. During this reaction, 
the terminal phosphate group of ATP is transferred to a specific 
seryl residue, Ser^ ,^ in phosphorylase which is comprised of 
841 amino acids (1-4). This is the first documentation that 
enzyme-catalyzed covalent modification through phosphorylation 
of proteins can serve as a vital regulatory mechanism of biological 
systems (5-10). 
In 1950, Sutherland showed that glycogenolysis could be 
stimulated when liver slices were incubated with epinephrine 
or glucagon (11), and later that the activity of phosphorylase 
was increased. A factor identified as cAMP which acts as a second 
messenger was found to mediate these processes (12). Although 
early studies on the hormonal control of glycogenolysis were 
done in the liver, elucidation of the mechanism of action was 
completely dependent on an analysis of the skeletal muscle system. 
Following the discovery of cAMP-dependent protein kinase (13-15), 
the stimulatory effect of epinephrine on glycogenolysis was hypothesized 
to channel through a cascade pathway (Fig. 1). This model was refined 
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in 1970 when it was found that glycogen synthase, the rate determining 
enzyme in glycogen synthesis, was also phosphorylated and inactivated 
by cAMP-dependent protein kinase (16, 17). In addition, phosphorylase 
kinase has also been demonstrated to be able to catalyze this covalent 
modification of glycogen synthase (18, 19). Consequently, epinephrine 
may promote the breakdown of glycogen, thereby initiating the generation 
of energy, in two major ways: first, by activating cAMP-dependent 
protein kinase, phosphorylase kinase, phosphorylase, and the glycogen-
olysis pathway; and second, by inactivating glycogen synthase and 
the glycogen synthesis pathway (Fig. 1). 
Calcium ion has been hypothesized as a second messenger mediating 
the neural and «-adrenergic hormonal controls. The response of 
2+ 
phosphorylase kinase, which has an absolute requirement of Ca 
2+ for activity (20, 21), to intracellular Ca levels is another means 
for the regulation of the enzyme activity (Fig. 1). This mechanism 
has been suggested as a link between glycogenolysis and muscle contrac­
tion (21, 22). The discoveries that the activity of phosphorylase 
kinase could be stimulated by the ubiquitous calcium binding protein, 
calmodulin, and that the enzyme itself comprises calmodulin as a 
fourth subunit, termed 6 subunit (23-26), further enunciate the 
intricacy and sophistication of metabolic controls of this enzyme. 
Although the scheme shown in Fig. 1 (bold lines) appears to 
be essentially correct, it represents a considerable simplification 
of the control of glycogen metabolism. The regulation of both phos­
phorylase kinase and glycogen synthase involves the phosphorylation 
4 
of more than one site on each protein, and these processes influence 
the activity of the enzymes in different manners. Recent evidence 
also indicates that there is a delicate and complex interplay between 
2+ 
the effects of cAMP and Ca (Fig. 1, dashed lines). In addition, 
both phosphorylase kinase and glycogen synthase are also subject 
to regulation by protein kinases distinct from cAMP-dependent protein 
kinase, and these additional interconversion reactions may underlie 
the control of glycogen metabolism by factors such as insulin, glucagon, 
somatostatin, the contractile state of the muscle cell, and the 
concentration of tissue glycogen. Further, metabolic control at 
the level of protein dephosphorylation may also be of paramount 
importance (indicated in Fig. 1 by the solid lines). 
Physicochemical properties of phosphorylase kinase 
Phosphorylase kinase constitutes about 1% of the soluble proteins 
in rabbit skeletal muscle and from this tissue the enzyme was first 
isolated by Krebs et al. (13) and later purified to apparent homogeneity 
(27, 28). This enzyme is a huge and complex macromolecule, having 
a molecular weight of ca. 1.3 x 10^  and comprised of four different 
subunits with a stoichiometry of (a$Yô)^  (24, 27, 29, 30). Similar 
molecular weights have been suggested for phosphorylase kinase from 
the skeletal muscle of mice (31) and dogfish (32), and from the 
cardiac muscle (33) and liver tissues (34). However, the stoichiometry 
of the subiinits has not yet been firmly established in some of these 
tissues. The major physicochemical properties of phosphorylase 
5 
kinase are summarized in Table I. 
When isolated, phosphorylase kinase exists as a nonactivated 
form that is virtually inactive at physiological pH (27, 28). It 
has a sedimentation coefficient of ca. 23S (27) but the enzyme is 
subject to pressure denaturation (28), leading to the formation 
of 37 S and 48 S polydisperse aggregates (27). Albeit the large 
size of phosphorylase kinase, a frictional coefficient of 
1.17 is calculated for the holoenzyme (28), indicating that this 
macromolecule is fairly globular in shape. Preliminary electron 
microscopy of phosphorylase kinase revealed that the enzyme appears 
to consist of two large domains (20 nm x 7 nm) connected by a narrow 
bridge (6 nm x 4 nm) (35) to form a butterfly-shaped or H-shaped 
structure. The exact location and topography of the individual 
subunits in the enzyme remain unknown. 
As a hexadecamer of four different subunits, phosphorylase 
kinase is probably one of the most complicated enzymes known thus 
far. The smallest subunit, 6 subunit, is reported to have a molecular 
weight of 17000 and is identical with the ubiquitous "calcium-dependent 
modulator protein," calmodulin (24, 26), first described by Cheung 
(36) and Kakuichi et al. (37). Thus, it is highly likely that this 
2+ Ô subunit may confer the Ca sensitivity to the holoenzyme. Our 
laboratory has recently demonstrated that the Y subunit is catalytically 
active (30), although the g subunit has also been implied to contain 
the catalytic site (38). This controversy or discrepancy has not 
Table I 
Physlcochemlcal Properties of Phosphorylase Kinase 
Sources of information 
Properties Ref. 27 Ref. 28 Ref. 29 this dissertation 
Mol. Wt. (native enzyme) 1.28 X 10^  1.33 X 10^  
Subunit M^ 's: a 145000 118000 136000 143000 
3 128000 108000 120000 129000 
y 45000 41000 42000 41000 
6 17000 17000 
Subunit structure (agyô)^  
*4*474 (apy)^  (agyô)^  
Sedimentation coefficient, S^  gg 23.6S 26.IS 
Partial Specific volume, V® 
1% Absorbance index, A„q_ ZoU nm 
Absorbance ratio, Aggg/Ag^ Q 
0.735 ml/g 
12.4 
1.9 
' 0.730 ml/g 
11.8 
1.75 
0.737 ml/g 
1.95 
Frictional coefficient f/f^  1.17 1.17 
Isoelectric point, pi 5.77 
UV absorption maximum 279 nm 279 nm 
Average weight concentration 
in vivo^  
0.8 mg/ml 
Average molar.concentration 
in vivo 
2.5 vM 
Calculated from amino acid composition data 
From Ref. 8, assuming 500 ml of intracellular water per kilogram of muscle. 
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yet been settled. The a subunit, however, has been hypothesized 
to have the regulatory role of maintaining the enzyme in an inactive 
conformation (39). Phosphorylase kinase purified from red and white 
skeletal muscle contains another minor band (a'), = 133000 (29) 
or 140000 (27), as shown in SDS gel electrophoresis patterns. It 
is now established that red soleus muscle and cardiac muscle, both 
functionally more oxidative than white skeletal muscle, contain 
the isozyme (a'gyd)^  (29, 40). In mixed rabbit skeletal muscle, 
about 10% a' is seen whereas approximately equal amounts of a and 
a* are found in mice (29, 40). Interestingly, the a subunit is 
not found in neonatal mice and the enzyme isolated from 6-10 day 
old mice contains only the a' subunit, whereas that from adult mice 
has both the a and a' subunits (31). 
The amino acid composition has been reported for rabbit muscle 
phosphorylase kinase and for the (a + a' +3) and Y subunits (27, 28). 
It was found that the y subunit differs from the (a + 3) subunits 
in its higher contents of Phe, Tyr, Lys and Arg, and in its lower 
contents of Leu and Ser. Amino acid composition of the y subunit 
isolated from dogfish phosphorylase kinase, however, is shown to 
be very similar to dogfish actin (32) except that actin contains 
3-methyIhistidine. There are few, if any, disulfide linkages present 
in the native enzyme. The 6 subunit is reported to be identical 
in amino acid sequence to bovine uterus calmodulin (26) and composed 
of higher amounts of Met and Phe, and lower amounts of Tyr but with 
8 
no Cys or Trp. The ratio of Thr to Ser is also high. In addition, 
the 6 subunit contains an unusual amino acid residue, trimethyllysine, 
though its exact role is currently not known. 
Catalytic activities of phosphorylase kinase 
A. Effect of pH. Nonactivated phosphorylase kinase has little 
activity at pH below 7.0 due to its low affinity for phosphorylase 
b (13). This form of enzyme, however, has optimal activity at pH 
8.5 and is usually characterized by a ratio of activities at pH 
6.8 to 8.2, which varies from 0.01 to 0.05 (13, 27, 28). During 
the assays of kinase activity at pH 6.8, there is a pronounced lag 
in the rate of product formation (13) which can be abolished by 
assaying at higher pH, preincubation with substrates, use of other 
buffer systems, or by activating the enzyme through phosphorylation, 
proteolysis, or dissociation (10). Mechanism(s) responsible for 
this lag is not understood but it has been suggested that autophos-
phorylation (41), dissociation (42, 30),or synergistic sensitivity 
to Mg^  ^and (43) of phosphorylase kinase during the reaction 
may play a role. 
B. Activation by Phosphorylation. Phosphorylase kinase was 
the second example demonstrated in 1959 that can undergo covalent 
modification through phosphorylation (2). Activation of phosphorylase 
kinase by cAMP-dependent kinase as a consequence of epinephrine 
action has now been shown to occur both in vivo and in vitro (7, 8). 
In fact, it was the discovery of this reaction that clarified the 
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last step linking hormones to glycogenolysis and established the 
cascade system (Fig. 1). In vitro activation of phosphorylase kinase 
by protein kinase is related to rapid phosphorylation of a specific 
seryl residue in the 3 subunit (27). After a short lag period during 
which ca. 2 mol phosphate/(a&yG)^  are incorporated into the 3 subunit, 
phosphorylation of the a subunit commences with little or no further 
increase in activity (27). This phenomenon has been hypothesized 
as cooperative behavior among the subunits in phosphorylase kinase 
(8, 44). The pH 6.8/8.2 activity ratio is increased to 0.38 with 
1.5- to 2.0-fold increase in the pH 8.2 activity. Sequences of sites 
from the a and g subunits phosphorylated by cAMP-dependent protein 
kinase have been determined (45). They are: 
a subunit Phe"Arg-Arg-Leu-Ser(P)-Ile-Ser-Thr-Glu-Ser-Glx-
Gly-Gly-His-Ser-Leu-Gly-Ala-Asp-Leu-Met-Ser-Pro-
Ser-Phe-Leu-Ser-Pro-Gly-Thr-Ser-Val-Phe-(Ser, Pro 
Gly)-His-Thr-Ser-Lys 
Val 0 subunit Ala-Arg-Thr-Lys-Arg-Ser-Gly-Ser(P)-jj^ g-Tyr 
Glu-Pro-Leu-Lys 
The duplicity adjacent to the phosphoseryl residue is due to two alleles 
for the g subunit in New Zealand white rabbits (46). In the presence 
24-
of high Mg (10 mM), up to 1.5 moles and 5 to 7 moles of phosphate 
could be incorporated into the 0 and a subunits of phosphorylase 
kinase, respectively (47). In addition, when very high concentrations 
of protein kinase were used, extensive phosphorylation could also 
10 
2+ be observed at lower Mg concentrations (47). 
The role of multisite phosphorylation has been suggested by 
Cohen and Antoniw (48) as a regulatory mechanism for phosphorylase 
kinase through phosphorylation-dephosphorylation. They suggested 
that activation of phosphorylase kinase is due to the phosphorylation 
of the 3 subunit, whereas phosphorylation of the a subunit allows 
accelerated dephosphorylation of the g subunit by protein phosphatase(s), 
thereby causing inactivation of the enzyme. Evidence for this hypothesis 
came from the identification of two protein phosphatases specific 
for the a or 3 subunits (49), and preferential phosphorylation of 
the a subunit by cGMP-dependent protein kinase has no effect on 
the activity of phosphorylase kinase (44). Nevertheless, this hypothesis 
has recently been challenged (50) and the exact function of multisite 
phosphorylation, therefore, is presently unclear. 
Nonactivated phosphorylase kinase can autophosphorylate and 
autoactivate itself in the presence of Ca^ \^ Mg^ ,^ and ATP. The 
characteristics of this reaction resemble those found for the conversion 
of phosphorylase £>, i.e., there is a lag in the reaction progress 
curve at pH 6.8, the reaction is inhibited by EGTA, the rate of 
autophosphorylation is pH-dependent and affected by buffers, substrates 
and various effectors (41, 51). During autophosphorylation, up 
to 32 mol phosphate/(a3Y6)^  are incorporated into the a and 3 subunits 
concomitant with an increase in the pH 6.8/8.2 activity ratio to 
0.5 (51). The mechanism of autophosphorylation and autoactivation 
11 
has been suggested to be an intermolecular process (14). 
Other protein kinases including cGMP-dependent protein kinase 
2+ (44, 52) and a Ca protease-activated protein kinase (53) have 
also been reported to phosphorylate and activate phosphorylase kinase. 
Whether the same sites in the a and 3 subunits are phosphorylated 
in each case remains to be elucidated. The y and 6 subunits are 
inert to phosphorylation. 
C. Activation by proteolysis. Several proteases have been 
reported to be able to activate phosphorylase kinase (13, 54-56) 
through a time-dependent and irreversible process during which the 
pH 6.8 activity increases sharply, whereas the pH 8.2 activity only 
increases modestly. The final pH 6.8/8.2 activity ratio varies 
from 0.7-1.0. 
2+ 
A Ca -dependent neutral protease, termed kinase-activatlng 
factor (KAF), was discovered (54), later isolated (55), and found 
to activate phosphorylase kinase. Trypsin is also a potent activator 
of the kinase at neutral pH. During a time course in which the 
catalytic activity increases 100-fold, there is a marked degradation 
of the a and 3 subunits, whereas the y subunlt is resistant to tryptic 
attack (27, 28). Because the a subunlt is degraded first, coinciding 
with activation and apparently forming a peptide similar in size 
to the 3 subunit, it was suggested that the a subunlt has the regulatory 
role of holding phosphorylase kinase in its native conformation. 
A peptide with a molecular weight of approximately 80000 appears to 
12 
be the major degradation product of tryptic attack (27). In addition. 
Graves et al. (57) found that a low molecular weight species with 
a sedimentation coefficient of 6S, vrtiich retained activity and contained 
predominantly the K subunit, could be produced upon tryptic digestion 
of the holoenzyme and incubation with ATP at 0°. These authors 
suggested that the y subunit might be the catalytic subunit (27, 57). 
On the basis of tryptic attack on dogfish skeletal muscle phosphorylase 
kinase, however, Fischer et al. (32) concluded that the 3 subunit 
was the catalytic subunit. They observed that the a subunit was 
very susceptible to proteolysis, whereas inactivation did not occur 
until the 3 subunit was degraded. 
Chymotrypsin is equally effective in activating phosphorylase 
kinase (25, 55). In addition, Cohen (27) found that phosphorylase 
kinase also can be activated 20-fold by endogenous protease(s) over 
a two-week period while stored at 4°. 
32 
Fischer et al. (38) isolated a P-^ peptide from rabbit skeletal 
muscle phosphorylase kinase by chymotryptic digestion of the enzyme 
labelled at the a and $ subunits. They found that this peptide 
had a molecular weight of ca. 33000 and retained phosphorylase kinase 
activity. In addition, this peptide could autophosphbrylate itself, 
had high pH 6.8/8.2 activity ratio (0.8 for the dephospho-form, 
0.9 for the phospho-form) and similar substrate specificities with 
2+ 
the native enzyme, and was absolutely active in the absence of Ca . 
From these results, they claimed that the B sùbunit was the catalytic 
13 
subunit of rabbit skeletal muscle phosphorylase kinase. 
D. Activation by dissociation. Although nonactivated phosphoryl­
ase kinase can be dissociated by treatment with SDS, no enzymatic 
activity has been recovered following this procedure. A large number 
2-4- 2+ 
of reagents such as spermine, Mg , Ca , EDTA, EGTA, amylose, and 
maltotetrose (57) have been reported to be unable to cause dissocia­
tion of the holoenzyme. Equally ineffective are a number of salts 
at molar concentrations: NaCl, NaClO^ , KI, KBr, RbBr, (57) NH^ NO^ , 
LiBr and NaNO^  (41). In fact, many of these reagents caused aggre­
gation. 
The possibility of obtaining substrate-induced dissociation 
of the holoenzyme had been investigated. Graves et al. (57) and 
Carlson and Graves (41) reported that phosphorylase was ineffective 
in causing dissociation. By using frontal gel filtration analysis 
on Sepharose 4B, however, Gergely et al. (58, 59) observed a complex 
between phosphorylase kinase and phosphorylase which had an apparent 
molecular weight of about 750000, indicating dissociation had occurred. 
Dimitrov (60), on the other hand, found that a complex between phos­
phorylase kinase and phosphorylase modified with a fluorescent probe 
was eluted from Sepharose 4B at the same position as the native 
kinase. From breaks in initial velocity plots versus enzyme concen­
tration or temperature, Kim and Graves (42) inferred that trypsin-
activated phosphorylase kinase might undergo dissociation in the 
presence of all of its substrates. Graves et al. (57) successfully 
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dissociated trypsin-activated phosphorylase kinase to active species 
with sedimentation coefficients of about 7.5S and 14S after long 
incubation at low temperature, low pH, and with concentrations of 
ATP greater than 25 mM. However, under no condition did ATP produce 
an activity peak smaller than 7.5S, suggesting that complete dissocia­
tion of the kinase subunits had not occurred. AMP and ADP were 
reported to be ineffective in dissociating trypsin-activated phos­
phorylase kinase (57). 
Upon reinvestigation of the use of chaotropic salts as possible 
dissociating agents, Skuster et al. (30) found that incubation of 
native phosphorylase kinase with 1 M LiBr for 9 h at 0° generated 
a 5S active species which has high pH 6.8/8.2 activity ratios and 
2+ 
no absolute requirement for Ca . NaNO^  was less effective than 
LiBr, and RbBr had no effect. An optimal medium for dissociation 
was determined to be 1.8 M LiBr in 100 mM MES, pH 7.0 and 0.5 mM 
CaClg. By using a combination of gel filtration and blue dextran-
Sepharose affinity chromatography, a catalytically active subunit 
was isolated and found to be identical to the y subunit, based on 
SDS gel electrophoresis (30). 
2+ 
E. Effect of Ca Both activated and nonactivated muscle 
2+ phosphorylase kinase require Ca for activity. By using EGTA, 
2+ 
a relatively specific Ca chelator, it was determined that the 
half-maximal stimulation of phosphorylase kinase occurs at approximately 
10 ^ M free Ca^ "*" (21, 56, 61). The effect of Ca^  ^is immediate and 
15 
reversible. 
Intracellular free Ca^  ^levels have been estimated to be 10 
—6 —S 
for resting muscle and 10~ to 10" M for muscle under maximal tension 
(21, 62). These values are in the appropriate range required to 
regulate phosphorylase kinase activity. Isolated sacroplasmic reticulum 
was found to inhibit the kinase activity completely, and the inhibition 
2+ 
was reversed by Ca (63). Phosphorylase kinase is found in muscle 
glycogen particles and considered to be a model of the enzyme system 
in vivo (64). With the particulate system, the half^ naximal activation 
of phosphorylase kinase occurs at 2 x IG~^  Ca^ "*". In fact, it was 
2+ Meyer et al. (54) who first postulated that Ca ion may couple 
the onset of muscle contraction with enhanced energy production 
derived from glycogenolysis by stimulating phosphorylase kinase. 
This theory has now been elaborated by others (21, 56, 61, 63, 64). 
Brostrom et al. (63) found that the binding and activation 
2+ plots of Ca on phosphorylase kinase were biphasic, indicating 
two classes of binding sites. The corresponding to the tight-
binding sites ranges from 0.3 x 10"^  to 2.2 x 10 ^ M, whereas the 
loose-binding sites have a of 3 x 10 M. They also found that 
Sr^ **", and to some extent Ba^ ,^ could also support enzymatic activity, 
whereas Mn^  ^and Zn^  ^were progressively inhibitory. In addition, 
the enzyme-bound Ca^  ^was totally exchangeable with Sr^ "*". 
2+ 
The effects of ionic strength and Mg ions on the binding 
2+ 
of Ca by nonactivated phosphorylase kinase at pH 6.8 has been 
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studied extensively by Klllmann and Heilmeyer (65). At low Ionic 
2+ 
strength, three types of binding sites for Ca were observed. Each 
mole of enzyme bound 10.6 moles of Ca^ "*" with a of 1.7 x 10 
3.9 moles with a of 5.9 x 10 and 35.5 moles with a of 
2.6 X 10 ^ M. At an Ionic strength of about 0.18M, thought to approximate 
2+ that existing In muscle, a single set of 7.1 moles of Ca per mole 
—8 
of enzyme bound with a of 1.8 x 10" M was found. When 10 mM 
2+ Mg was Included, but still at constant Ionic strength, 6.8 moles 
2+ —7 
of Ca per mole of enzyme bound with a of 3.3 x 10 M. It was 
2+ 2+ postulated that Mg lowered the apparent affinity for Ca at the 
2+ 
same Ca -binding sites observed at high ionic strength by competing 
with Ca^  ^for those sites. In addition, Mg^  ^Induced four new Ca^ "*"-
binding sites which showed positive cooperatlvlty and a half-saturation 
constant of 2.8 x 10~^ M. 
Phosphorylase kinase contains 4 moles of 6 subunlt (calmodulin) 
2+ 
and may therefore have four potential Ca -binding sites in each 
2+ 
subunlt. Thus, the 16 Ca -binding sites observed at low ionic 
strength (65) could be accounted for by the 6 subunits. The other 
sites may be present in the other subunits. Very recently, the 
regulation of the different forms of phosphorylase kinase by calcium 
ions has been reinvestigated (66). The nonactlvated and dephosphoryl-
ated form of phosphorylase kinase requires 23 yM (at pH 6.8) and 
2+ 16 yM (at pH 8.2) of Ca for half-maximal activation, and It was 
postulated that binding of three to four molecules of calcium occurs 
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on each 6 subunit. With the phosphorylated and activated form, 
calcium concentrations of 1.6 viM at pH 6.8 and 0.6 yM at pH 8.2 
are required for half-maximal activation and binding of one to two 
molecules of calcium to the 6 subunit was proposed. Phosphorylase 
kinase obtained by limited proteolysis with trypsin requires calcium 
ion concentrations of only 0.07 pM at pH 6.8 and 0.05 yM at pH 8.2 
for half-maximal activation, i.e., 300-fold lower than the nonactivated 
form. Consequently, the tryptic form is 300- to 400-fold more active 
2+ than the nonactivated kinase at 1.0 vM Ca . In addition, this 
tryptic form is found to have no absolute requirement for calcium 
ions and its activity in the presence of EGTA is 25% of that measured 
2+ 2+ 
at saturating Ca . Binding of only one or two molecules of Ca 
to each 6 subunit appears to be required for the activation of the 
tryptic kinase (66). 
2+ 
The regulation of phosphorylase kinase activity through Ca 
is further complicated by the stimulatory effect of exogenous calmodulin 
or troponin C, or troponin complex (23, 24, 66, 67) on enzyme activity. 
Unlike the holoenzyme but similar to the other calmodulin-stimulable 
systems, the stimulation of enzyme activity by exogenous calmodulin, 
termed 6' subunit, is inhibited by the antipsychotic drug, trifluoperazine 
(24, 68). It has been reported that the a sùbunit (25, 69) and 
3 subunit (69) play an important role in the interaction with the 
6' subunit^  and with one mole of the Ô' subunit bound per mole of 
a3Yô (69). The calcium ion concentrations required for half-maximal 
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activation of nonactivated phosphorylase kinase are 20 pM at pH 
6.8 and 11 pM at pH 8.2 in the presence of the 6' subunlt, and 4 
yM at pH 6.8 and 2 yM at pH 8.2 in the presence of troponin (66). 
The concentrations for half-maximal stimulation of enzyme activity 
by the 6' subunlt and troponin are 0.018 viM and 1.2 yM, respectively. 
It was proposed that binding of three or four molecules of calcium 
ions to the 6' subunlt is necessary for the stimulation of the non-
activated kinase (66) and that troponin C may be the physiological 
activator of phosphorylase kinase. In contrast, the 6 subunlt may 
be the dominant calcium-dqiendent regulator of the activated kinase 
and, therefore, determines the regulation of phosphorylase in its 
hormonally activated state. 
2+ 
F. Effect of other metal ions. In addition to Ca and the 
substrates phosphorylase h and ATP, Mg^  ^is required for the activity 
of phosphorylase kinase, probably for the formation of a nucleotide-
metal ion substrate, MgATP^ " (70). Other metal ions, Mn^ "*" and Co^ "*", 
2+ 
can substitute for Mg but the values with excess metal ions 
2+ 2+ 
are only 6% of that obtained with Mg . Free Mg is stimulatory 
to muscle phosphorylase kinase but liver phosphorylase kinase is 
2+ 
strongly inhibited when the Mg /ATP ratio exceeds 1 (71, 72). This 
latter phenomenon, however, is refuted by Sakal et al. (34) vho 
2-{-found that the liver kinase was not inhibited by Mg over a range 
of 0.1 mM up to 10 mM. It has been proposed that the muscle enzyme 
2+ 
contains additional binding sites for free Mg (70). 
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Mechanism of action and substrate specificity 
From initial rate studies and by using phosphbrylase b or a 
synthetic tetradecapeptide (Ser-Asp-Gln-Glu-Lys-Arg-Lys-Gln-Ile-
Ser-Val-Arg-Gly-^ Leu), Tabatabal and Graves (73) found that the mechanism 
of the catalytic reaction of activated phosphorylase kinase assayed 
at pH 7.6 was of the sequential type. The results obtained by using 
substrate analogs as competitive inhibitors (Arg-Lys-Gln-Ile-Thr-
Val-Arg and AMPPCP) were consistent with a random BlBl mechanism. 
Various studies have been done to investigate the substrate 
specificity of phosphorylase kinase. To summarize briefly, the 
enzyme is known to be able to phosphorylate its a and 3 subunits (14,41), 
phosphorylase (1, 13), glycogen synthase (18, 19), troponin I (74-76), 
troponin T (77, 78), sacroplasmic reticulum (79, 80), cardiac sarcolemma 
(81), casein (14), and a synthetic tetradecapeptide (82, 83). It had 
been suggested that phosphorylase kinase prefers an arginyl residue 
on the OOOH-terminal side of a g turn which contains the phosphorylatable 
seryl residue (84-87). By using synthetic peptides, it was found 
that the first six amino acid residues in the sequence of the tetra­
decapeptide were nonessential but substitution of the residues in 
the remaining sequence had a large effect on phosphorylation (84, 85). 
Phosphorylation in biological systems 
Recently accrued evidence indicates that enzyme-catalyzed phos­
phorylation of proteins is a vital control mechanism of biological 
systems. In this regard, the study of phosphorylase kinase is of 
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particular interest not only because this enzyme occupies a central 
position in the regulation of glycogen metabolism and possibly muscle 
contraction, due to hormonal or neural control (Fig. 1), but also 
because of the complexity in its structure and reactions. Being 
one of the most complicated enzymes known, phosphorylase kinase 
poses a challenge in the determination of the functional roles of 
its different subunlts, their interaction, regulation, and topography 
in the holoenzyme. This enzyme also provides a common ground for 
2+ the study of multislte phosphorylation, calmodulin regulation, Ca 
responses, and the Interplay among these Important phenomena. 
To achieve some of these goals, one approach is to dissociate 
the holoenzyme into simpler active species. In this dissertation, 
the isolation of active and lower mol. wt. forms including the 
and y6 complexes and the study of their catalytic and structural 
properties are reported. To further understand the molecular level 
of substrate specificity for phosphorylase kinases in protein phos­
phorylation, studies on synthetic substrates were made and compared 
with cAMP-dependent protein kinase, wherever possible. 
Explanation of dissertation format 
This dissertation follows an alternate format in which there 
are four sections after the General Introduction. Each of these 
four sections will be submitted to the Journal of Biological Chemistry. 
In the first section, isolation and physlcochemlcal characterization 
of the catalytically active ay6 and complexes purified from non-
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activated phosphorylase kinase are described. 
The second section deals with the catalytic and regulatory 
properties of the three forms of kinase. 
Studies on the functions and molecular interactions among the 
different subunits of phosphorylase kinase are presented in Section 
III. Also, a model for the possible structure of phosphorylase 
kinase is proposed. 
In the last section, the substrate specificity of phosphorylase 
kinase is probed and Is compared to that of cAMP-dependent protein 
kinase. 
Finally, a general discussion of the entire dissertation, an 
outlook for future experimentation, and an overview of phosphorylase 
kinase research are Included. 
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SECTION I: ISOLATION AND PHYSICOCHEMICAL PROPERTIES 
OF ACTIVE COMPLEXES OF RABBIT MUSCLE 
PHOSPHORYLASE KINASE 
23 
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SUMMARY 
A catalytically active species comprised of a, y, and â  subunits 
was isolated from phosphorylase kinase. Upon incubation of the holo-
enzyme (a3Y<S)^  with 1.8 M LlBr, 10 mM at 0° for 6-7 h and sub­
sequent gel filtration and ion-exchange chromatography, an active 
ayS complex was purified to apparent homogeneity by the criteria of gel 
filtration, disc gel electrophoresis under denaturing and nondenaturing 
conditions, and sucrose density gradient sedimentation. The ay5 
complex was shown to have a mol. wt. of 243,000 by gel filtration 
and stoichiometric amounts of a, y, and 6 subunits by densitometric 
tracings, suggesting that it is a monomer. A species containing 
the catalytically active y subunit isolated previously [Skuster, 
J. R., Chan, K.-F. J. and Graves, D. J. (1980) J. Biol. Chem. 255 
2203] was found to contain the ô subunit in near stoichiometric amounts. 
A mol. wt. of 66,000 was determined by using gel filtration, indicating 
that this species also exists as a monomer. Â Stokes radius of 53.2 
O 
A and a S^ g ^  of 11.8S were estimated for ay6 whereas those for yô 
Q 
were 35.2 A and 4.2S, respectively. 
The UV spectrum of ay6 was quite distinct from the holoenzyme, 
1% having an estimated ratio of 1.06 and an Aggg ^  of 7.3. 
Circular dichroic spectropolarimetry revealed that phosphorylase 
kinase contains ca. 38% a-helical structure whereas only 30% was 
found for the ayô complex. The far ultraviolet circular dichroism 
of the holoenzyme was almost unaffected by EGTA but substantial changes 
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in the helical content occurred in the ay6 complex. Individual a, 
3, and Y subunits were also purified in the presence of sodium dodecyl 
sulfate and their amino acid composition analyzed. The and yS 
complexes are active and show considerable differences in pH-activity 
profiles from nonactivated phosphorylase kinase. 
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INTRODUCTION 
Phosphorylase kinase (ATP-phosphorylase phosphotransferase, 
EC 2.7.1.38) is a key enzyme involved in the regulation of glycogen 
metabolism (1-3). It catalyzes the phosphorylation and activation 
of phosphorylase h to make the a form which is active without 5'-
AMP (4)^ thereby enhancing glycogenolysis. It has also been demonstrated 
that phosphorylase kinase can phosphorylate and inactivate glycogen 
synthase in vitro (5,6), and thus may also possibly play a role in 
slowing down the rate of glycogen synthesis in vivo. The enzyme 
is isolated from rabbit skeletal muscle in a form referred to as 
nonactivated phosphorylase kinase. This form expresses little activity 
at pH's below 7.0 but high activity at pH 8.2 (7)^ and has a ratio 
of activities at pH 6.8/8.2 of 0.05 or less (7-9). At least two distinct 
mechanisms for the control of phosphorylase kinase activity have 
been suggested to be of physiological significance. The first involves 
neural or a-adrenergic activation which is explained by an increase 
in intracellular Ca^  ^levels (10, 11). Because phosphorylase kinase 
2+ has an absolute requirement of Ca for activity (10,12), it is postu-
2+ lated that the Ca -requirement for phosphorylase kinase and the 
muscle contractile systems may couple glycogenolysis with muscle 
contraction (10, 13). Recent findings that calmodulin and troponin 
C could stimulate the activity of phosphorylase kinase in the presence 
2+ 
of Ca further support this idea (14,15). Hormonal control is the 
second means that has been shown to regulate phosphorylase kinase 
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activity. The enzyme is phosphorylated and activated by cAMP-dependent 
protein kinase as a consequence of the action of epinephrine in both 
in vivo and in vitro systems (8, 9, 16). Activation of phosphorylase 
kinase also occurs by phosphorylation with cGMP-dependent protein 
kinase (17), with Ca^ -^protease activated protein kinase (18), with 
2"}* 
phosphorylase kinase itself (16» 19), through proteolysis by a Ca -
dependent protease (KAF)(20% and by trypsin (19% but the physiological 
significance of these mechanisms of activation has not been established. 
The holoenzyme isolated from rabbit skeletal muscle is huge 
and complex. Its molecular weight has been estimated as 1.28-1.33 
X 10^  (8, 9) with a sedimentation coefficient of 23.6-26.IS (8, 9). 
It is currently believed that phosphorylase kinase is comprised of 
four different subunits with a stoichiometry of (a3>'6)^ (14). The 
molecular weights of the subunits have been reported in a range as: 
a = 118,000 to 145,000; 3 = 108,000 to 128,000; y = 41,000 to 45,000 
(8, 9, 21, 22); and 6 = 17,000 (14, 23). The exact functions and 
interactions of thé various subunits in this structurally complicated 
macromolecule, however, have not been firmly established. 
Our laboratory has recently suggested that the y subunit is 
a catalytically active subunit (21) and Grand et al. (23) have shown 
that the S subunit of phosphorylase kinase is identical to bovine 
uterus calmodulin according to amino acid sequence. Consequently, 
2+ 
the 6 subunit may have the property to confer Ca sensitivity to 
phosphorylase kinase activity. The a and g subunits are phosphorylatable 
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and have been implicated in both activation (8, 9) and deactivation 
mechanisms (2). It is not known whether other functions exist, but 
studies on the proteolysis of phosphorylase kinase isolated from 
the Pacific dogfish, Aqualus acanthias, and rabbit skeletal muscle 
by Fischer et al. (24, 25) indicated that the g subunit may also 
be catalytically active. 
To gain more information on the structure-function relationship 
among the subunits of phosphorylase kinase, the present study involves 
the isolation of a catalytically active ayô complex from the holoenzyme. 
By using gel filtration and ion-exchange chromatography in the purifi­
cation scheme, the ayô complex was purified to apparent homogeneity. 
Physicochemical characterizations were carried out for this complex 
and were compared with the active yd complex and the holoenzyme. 
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EXPERIMENTAL PROCEDURES 
Materials 
Sephadex G-150 and Sepharose 4B, 6B were obtained from Pharmacia. 
32 DE-52 cellulose was purchased from Whatman. [y- PJATP was prepared 
essentially according to the method of Glynn and Chappell (26). Protein 
standards used for the calibrations of gel filtration columns and 
sucrose density gradient sedimentation were products of Pharmacia 
and those used in SDS-polyacrylamide gel electrophoresis were from 
Bio-Rad. All other materials used were of reagent grade,. 
Protein preparations 
Phosphorylase kinase was prepared from rabbit skeletal muscle 
essentially by the method of Hayakawa et al. (9) and further purified 
by using DEAE-cellulose chromatography as described by Cohen (8). 
Phosphorylase h was prepared as described by Fischer and Krebs (27). 
except that 30 mM 2-mercaptoethanol was substituted for cysteine. 
Residual 5'-AMP was removed by treatment with acid-washed Norite 
A. The catalytically active y species was purified as described (21) 
with sli^ t modifications. Reducing agents such as 2-mercaptoethanol 
or dithioerythreitol were included in the incubation mixture and 
incubation was allowed to proceed at 0° for 24-30 h. Gel filtration 
of the incubated mixture on Sephadex G-150 was then carried out after 
clarification of the solution by centrifugation and using a sample 
to bed volume ratio of not more than 1%. In addition, the column 
buffer contained only 0.1 mM CaClg instead of 0.5 mM (21). Protein 
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concentrations of the purified enzymes were determined spectrophotomet-
rically by using absorbance indices of 12.4 (8)and 13.0 (28) for 1% 
protein solutions of phosphorylase kinase and phosphorylase, respec­
tively. Other protein determinations were performed by the methods 
of Bradford (29)or Lowry et al.(30) using phosphorylase kinase as a 
standard. 
Buffers 
Buffer A contained 100 mM MES, pH 7.0, 1.0 mM DTE, and 100 yM 
CaClg. Buffer B contained 40 mM sodium g-glycerophosphate, pH 6.8 
and 30 mM 2-mercaptoethano1. 
Phosphorylase kinase assays 
The standard assays contained 0.25 M Tris/0.25 M sodium glycero­
phosphate/0.6 mM CaClg/ôO mM magnesium acetate adjusted to either 
pH 6.8 or pH 8.2 with HCl (10 yl), phosphorylase b (10-30 mg/ml) in 
buffer B (20 pi), kinase in buffer B (vide Infra) (10 yl), HgO or 
effectors (10 yl), and [y-^ P^]ATP (0.1-3 mM) (10 yl). The final 
pH of the reactions was 8.2 or 6.8. The reactions were carried out 
32 
at 30° and were initiated with ["y- P]ATP after 1 min preincubation. 
32 
The kinase activity was monitored by following P incorporation 
into phosphorylase using filter paper assays (31). 
Polyacrylamide gel electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis was 
carried out on 7.5% or 10% gels according to the procedures of Weber 
and Osborn (32) or Laemmli (33). Polyacrylamide gel electrophoresis 
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under nondenaturlng condition was carried out with 5% gels according 
to the method of Davis (34) . Gels were stained in Coomassie blue 
R250, destained, and scanned in a Gilford recording spectrophotometer 
equipped with a linear transport. The molar ratios of subunits were 
32 determined from densitometric tracings. Autoradiography of P-
labelled slab gels was accomplished by wrapping the gels in Saran 
Wraps and placing on Kodak SB5 X-ray films. 
Sucrose density gradient sédimentation 
Ultracentrifugation of the catalytically active species was 
carried out in a Beckman L5-75 ultracentrifuge using a SW 50.1 rotor. 
The gradients consisted of 5 ml of 5-20% sucrose in 50 mM MES, pH 
7.0, 1 mM DTE and 50 yM CaClg. Samples (100 yl) were applied on 
the top of the gradients and centrifuged at 50,000 rpm for 5 h at 
4°. Fractions (approx. 0.25 ml) were collected by using a Buchler 
densiflow apparatus at the end of the run and analyzed for kinase 
activity. Catalase, aldolase, and bovine serum albumin were used 
as standards. 
Circular dichroism 
Far-ultraviolet circular dichroic spectra of phosphorylase kinase 
and the ayô complex were measured in 1.6 mM Tris, 1.6 mM g-glycerophos-
phate, pH 6.8, 46 mM NaCl, at 10° by using a Cary 60 spectropolarimeter 
equipped with a model 6001 CD accessory. The mean residue ellipticity 
in units of deg cm^  dmole ^  was calculated from: 
[0]%= (MRW) 8'^  
10 l<s 
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where 0° is the observed ellipticity in degrees at wavelength X, 
X 
1 is the optical path in centimeters, o is the concentration in grams 
per ml, and MRW is the mean residue weight. MRW of phosphorylase 
kinase and the ay5 complex calculated from amino acid analyses are 
116 and 113, respectively. 
Amino acid analyses 
Subunits of phosphorylase kinase were obtained from the holoenzyme, 
ay6 and 6^ complexes by using gel filtration on Sephacryl S-300 column 
(106 X 1.3 cm) equilibrated with 50 mM g-glycerophosphate, pH 7.0, 
2 nM EDTA, 0.1 mM dithioerythreitol, and 0.1% SDS. Fractions of 
ca. 0.92 ml were collected and protein was monitored at Aggg 
The pooled fractions were dialyzed extensively against distilled 
water, lyopholized, hydrolyzed with 5.7N HCl in vacuo for 24 h at 
110° and the amino acid compositions were analyzed by using a Durrum 
D-400 amino acid analyzer. 
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RESULTS 
Purification of the catalytlcally active <xyS complex 
Upon incubating phosphorylase kinase at 0° for 6 to 7 h in a 
medium containing 100 raM MES, pH 7.0, 1.8 LlBr, 10 inM Mg^ ,^ 1.4 mM 
2+ Ca , and 1.0 mM DTE, a catalytlcally active ayS complex was purified 
to apparent homogeneity by subsequent gel filtration and ion-exchange 
chromatography. 
At the end of the incubation period, the pH 6.8/8.2 activity 
ratio of the incubation mixture reached from 0.04 to 0.5-0.6, suggesting 
partial dissociation had occurred (21). Also, the absolute requirement 
2+ 
of Ca for phosphorylase kinase activity was abolished. The incubation 
mixture was then clarified by centrifugation at 18,000 x g for 10 
min and then applied to a Sephadex G-150 column equilibrated with 
buffer A. The elution profile is shown in Figure 1. Approximately 
50-60% of the initial activity and protein were recovered in all 
fractions. Analysis of the fractions by using SDS-polyacrylamide 
gel electrophoresis indicated that the first protein peak was highly 
enriched with the a subunit and the third peak with y subunit. The 
middle peak, however, seemed to consist of equimolar amounts of a, 
y, and 6 subunits (not illustrated). Very little of the 3 subunit 
was observed in the fractions. Analysis of the precipitate obtained 
after incubation of the holoenzyme showed that most of the protein 
was the g subunit (Fig. 9, Lane d). 
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The collected fractions (number 56-60) from gel filtration were 
applied to an ion-exchange (DEAE-cellulbse) column, which was then 
washed and eluted with a linear gradient of NaCl in buffer A. The 
elution profile is shown in Figure 2. A fairly symmetrical activity 
peak coinciding with the protein peak was eluted. Recovery of the 
applied kinase activity in this step ranged from 70-75%. The most 
active fractions were pooled, concentrated by ultrafiltration, dialyzed 
and stored in 50% glycerol/buffer A, at -20°. No proteolysis was 
apparent throughout the entire preparation. 
Criteria of purity 
The pooled fractions from ion-exchange chromatography were analyzed 
by polyacrylamide gel electrophoresis in the presence of SDS or under 
nondenaturing conditions. In the presence of SDS, three major protein 
bands corresponding to the a, Y, and 6 subunits of phosphorylase kinase 
were observed (Fig. 3A). Densitometric tracings of the holoenzyme 
and the ay6 complex are also shown. As indicated, only a trace amount 
of the g subunit was present. Under nondenaturing conditions and at 4°, 
the active ay5 complex migrated as a single, thouRh usually slightly 
diffused band (Figure 3B) ahead of phosphorylase h but behind the 
catalytically active y species (21), 
Physicochemical Properties of dty6 and y6 complexes 
The molar ratios of the subunits of phosphorylase kinase, the ay6 
complex and the catalytically active species containing the y subunit (21) 
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were estimated from densitometric tracings of the SDS-polyacrylamide 
gels stained with Coomassie blue (35). The molecular weights of 
the subunits calibrated by using 10% SDS-polyaerylamide gels (34) 
with lysozyme, soybean trypsin inhibitor, carbonic anhydrase, ovalbumin, 
bovine serum albumin, phosphorylase £», and g-galactosidase as standards 
are a = 143,000, 3 = 129,000, y = 41,000, and 6 = 17,000 (results 
not shown). The calculated molar ratios for the holoenzyme, the 
aYô complex and the catalytically active y species are summarized 
in Table I. 
Results obtained for phosphorylase kinase indicated that the 
a, 0, y, and 6 subunits were present in stoichiometric amounts, in 
agreement with those published previously (8, 14, 21, 22). The molar 
ratios for the ayô complex were; (a + o') = 1.0; y = 1.16; 6 = 1.19. 
Again, this suggests a 1:1:1 ratio of these three components. We 
also found near stoichiometric amounts of the y and 6 subunits in 
our catalytic y subunit preparations. The molar ratios of the y 
to 6 subunits may vary slightly, depending on preparations, with 
the amount of 6 subunit slightly less than the y subunit. Earlier 
preparations of the y subunit were not analyzed for the 6 subunit. 
Although a slight modification for the preparation of the active 
species is described (Methods), it seems that the catalytic subunit 
preparation described earlier (21) is actually a yô complex. 
Molecular weight and subunit structure of ayô and y6 complexes 
The chromatographic homogeneity and apparent molecular weights 
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of the ay6 and yô complexes were determined by using gel filtration 
as shown in Figures 4 and 5, respectively. 
The aYô complex was chromatographed on a Sepharose-6B column. 
More than 94% of the activity was eluted as a single species (Figure 
4A) with an apparent molecular weight of 243,000 (Fig. 4B), indicating 
that the ayô complex is a monomer. From a plot of (-log vs Rs of 
the protein standards, the estimated Stokes radius for this complex 
is 53.2 A. 
The yô complex was chromatographed on a Sephadex G-150 column. 
Only one symmetrical activity peak was eluted (Fig. 5A), in agreement 
with Skuster et al. (21), except that the apparent molecular weight 
was calibrated to be 66,000 (Fig. 5B). Together with the results on 
the subunit composition, this suggests that the Y<S complex also exists 
as a monomer, rather than a dimeric Y as reported previously (21). The 
O 
Stokes radius for the Yô complex is determined as 35.2 A. 
The homogeneity of the oyé and yô complexes was also determined 
by sucrose density gradient ultracentrifugation as described by Martin 
and Ames (36). Upon centrifugation at 50,000 rpm and 4° for 5 h, both 
the ayô and yô complexes sedimented as single species (Figs. 6A and 
6B). The sedimentation coefficients estimated for the ayô and yô com­
plexes are 11.8S and 4.2S, respectively (Fig. 6C). Modification of 
the ultracentrifugation time did not seem to affect the S values signifi­
cantly. As in the gel filtration experiments, no attempt was made 
to investigate the state of polymerization by varying protein concentration. 
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UV absorption spectrum of the aY6 complex 
The UV spectrum obtained for phosphorylase kinase closely resembled 
that published by Hayakawa et al. (9) in major features; however, the 
absorbance ratio 280/260 nm of the enzyme was 1.95, in agreement with 
that reported by Cohen (8). With the ayô complex, the UV absorption 
spectrum was quite distinct from that of the holoenzyme (Fig. 7). This 
spectrum implies that the ay6 complex contains relatively lower contents 
of tryptophan and relatively higher contents of phenylalanine. The 
17 
absorbance ratio 280/260 nm and the absorption coefficient, » 
ZoU nm 
were estimated to be 1.06 and 7.3, respectively. 
Circular dichroism of phosphorylase kinase and ayô complex. 
Far-UV circular dichroic spectra of phosphorylase kinase and the 
ayô complex measured at 10° are shown in Fig. 8. Two negative minima 
were obtained for the holoenzyme at around 222 and 210 nm in the presence 
2+ 2+ 
of Ca . Chelation of Ca only perturbed the region between 206 and 
212 nm. These results suggest that the loss of activity in phosphorylase 
kinase in the presence of EGTA may be due to a very subtle and minor 
conformational change. Approximately 38 to 46% of a-helical structure 
was estimated for phosphorylase kinase by using empirical formulae 
for [01222 nm ®^^ 208 nm (Table II). In the presence 
of EGTA, a change of 5.2% helix was monitored at 208 nm. The circular 
dichroic spectra of the ayô complex were somewhat different from the 
holoenzyme (Fig. 8). Only 30-33% a-helical structure was estimated 
2+ (Table II), and chelation of Ca from the complex affected the 208-224 
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nm spectral region more vividly. Changes of approximately 6.9 and 
8.1% in helical contents were found at 222 and 208 nm, respectively, 
in the presence of EGTA, suggesting that at least some of the a-helices 
2+ 
are less stable without Ca . 
Amino acid composition of the a, 3, and y subunits 
Different subunits of phosphorylase kinase were purified from 
the holoenzyme, ayfi and y6 complexes by using gel filtration on Sephacryl 
S-300 in the presence of sodium dodecyl sulfate. With phosphorylase 
kinase, two fractions containing the (a + a' + g) subunits and the 
•y subunit were isolated. The elution profile (not shown) closely 
resembled those reported (8, 39). Partial separation of the a and 
3 subunits was observed when the leading and trailing fractions of 
the first protein peak were examined by using SDS gel electrophoresis. 
Amino acid compositions analyzed for the isolated (a + a' +3) and 
y components (Fig. 9, Lanes a and b) are summarized in Table III. Our 
results for the (a + a' +3) subunits are in close agreement with those 
published previously (8) though slight discrepancies exist in the contents 
of lysine and isoleucine. A minor peak immediately before the elution 
of lysine residue was observed, the nature of which is not known at 
present. Amino acid composition of the y subunit shows slightly higher 
contents of serine, proline, lysine, and lower contents of glutamic 
acid and isoleucine than the reported values (8), but is in close agree­
ment with those published by Hayakawa et al. (39). 
The (cx + a') subunits were purified from the ayô complex, which 
32 had previously been labelled with P through autophosphorylation of 
39 
this complex (40). The major protein peak eluted from the Sephacryl 
S-300 column coincided with the radioactivity peak (not shown). Amino 
acid composition of the isolated a subunit (Fig. 9, Lane c) shows higher 
contents of serine, glutamic acid, and leucine and lower amounts of 
tyrosine, phenylalanine, lysine, and arginine than that of the Y subunit 
(Table III). 
Incubation of phosphorylase kinase with LiBr during the preparation 
of the ayô complex resulted in precipitation of most of the g subunit 
(Fig. 9, Lane d). The precipitate was washed, dissociated in SDS, 
and chromatographed two times. The purified 3 subunit (Fig. 9, Lane e) 
contains slightly higher aspartic acid, proline, lysine, and arginine, 
and lower amounts of serine, glycine, and alanine than the a subunit. 
However, the sum of the amino acid compositions of the a and 3 subunits 
isolated separately is in remarkable agreement with the (a + a' +3) 
components from the holoenzyme (Table III). With respect to the Y 
subunit, the contents of aspartic acid, glutamic acid, proline, isoleucine, 
and leucine are higher while alanine is lower in the 3 subunit. 
Amino acid composition of the Y subunit isolated from the y5 com­
plex (Fig. 9, Lane f) is almost identical to that obtained from the 
holoenzyme (Table III), strongly indicating that the catalytically 
active Y subunit is not an artifact due to proteolysis. 
Activity of the aYfi and y6 complexes 
The activity-pH profiles for nonactivated phosphorylase kinase, 
ay6 and yd complexes are shown in Fig. 10. The pH dependence of the 
native kinase is the same as reported (41) whereas the ayS complex 
40 
resembles the activated forms of phosphorylase kinase In having higher 
activity at physiological pH's. The activity of the y6 complex seems 
to be affected only slightly by pH changes. The activity ratios at 
pH 6.8/8.2 for the native kinase, ayô and y6 complexes are 0.04-0.07, 
0.50-0.60, and 0.90-1.00, respectively. Detailed characterization 
of the kinetic properties of different forms of phosphorylase kinase 
is given in the second paper of this series (40). 
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DISCUSSION 
One of the approaches to study the complex structure-function 
relationships of the four different subunits in phosphorylase kinase 
is to isolate the individual subunits in their native forms, and then to 
thoroughly characterize these subunits together with their reconstituted 
entities. Albeit all the different subunits still have not been purified 
separately, the results presented in this report indicated that two 
active and monomeric ay6 and y& complexes could be isolated after disso­
ciation of the holoenzyme by LiBr. Nagy and Jencks (42) have reported 
that F-actin could be depolymerized by concentrated solutions of salts 
and denaturing agents. Of all the simple halides attempted, LiBr was 
very effective in causing depolymerization. They suggested that a 
quasi-equilibrium state of partial depolymerization was obtained, and 
in large part, the effect of salt in causing depolymerization could 
be explained by the effect of the solvent on the lowering of the activity 
coefficient of peptide and amide groups which become exposed to the 
solvent upon depolymerization. Because phosphorylase kinase also has 
a tendency to aggregate (8, 9), the dissociation of the holoenzyme by 
LiBr may be similar to the dissociation of F-actin. Different quasi-
equilibrium states may occur, depending on the period of dissociation. 
Thus, the ayô complex was obtained after 6 to 7h incubation (Fig. 1-3), 
whereas a longer period of incubation was required to generate the yô 
complex (21). Since low temperature was essential for the dissociation 
of phosphorylase kinase, this suggests that hydrophobic effects may 
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be responsible for the strong interaction of the different subunlts. 
Our results show that the subunits in the ayS and yô complexes 
are in stoichiometric quantities (Table I). The physical nature of 
the ay6 and yô complexes suggests that these three subunits must inter­
act with one another very tightly. In contrast to the native holoenzyme, 
both the ayfi and y5 complexes exist as monomers (Fig. 4, 5). It is 
possible that the two complexes could polymerize at higher protein 
concentrations, but no attempt was made in the present studies to 
investigate this phenomenon. It has been shown that native phosphorylase 
kinase does not dissociate even in dilute solutions under a variety 
of conditions (see 3 for review). Ifowever, limited tryptic attack 
on the holoenzyme which causes the degradation of the a and 3 subunits, 
did facilitate the dissociation and formation of active species with 
sedimentation coefficients of only 6S, 9S, or 13S, which were highly 
enriched in y subunit (43)• This implies that the 3 subunit may play 
a role in the organization of the monomeric units into higher order 
structures. The existence of a monomeric y6 complex is not surprising. 
Using two-dimensional gel electrophoresis and cross-linking techniques, 
Picton et al.(44) have demonstrated the presence of a y6 complex. The 
apparent molecular weight calibrated for the yô complex in this report 
is 66,000 (Fig. 5), compatible with the molecular weights obtained 
by SDS-polyacrylamide gel electrophoresis. 
The Stokes radii (Rs) calibrated for the ay6 and yô complexes are 
O O 
53.2 A and 35.2 A, respectively. Preliminary calculations of the frictional 
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ratios i f / f  ) for the aVfi and y  S  complexes are approximately 1.37 and 1.38, 
. g 
respectively, using partial specific volume (y) of 0.736 and 0.734 cm /g 
estimated from amino acid analyses. This indicates that there may be slight 
asymmetries in these species and may account for the slightly higher 
apparent molecular weights obtained by using gel filtrations. Neverthe­
le s s ,  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t s  o f  1 1 . 8 S  a n d  4 . 2 S  f o r  a y S  a n d  y S ,  
respectively (Fig. 6), agree quite well with the gel filtration data. 
The Sgg ^  value of 11.8S for the ayô complex may correspond to the 14S 
(21) or the 13(S) (43) species, and the yô complex with a 4.2S value may 
be similar to the 5S (21) or the 6S (43) species reported previously. 
The UV absorption spectrum of the ay6 complex suggests that this 
species may contain lower amounts of tryptophan residues. Since the 
6 subunit does not have any tryptophan residue (23) and the Y subunit 
only contains 4 out of a possible 32-34 in the apyfi unit (8), it is 
likely that the 3 subunit may have a high content of this aromatic amino 
acid. Far-UV circular dichroism of phosphorylase kinase and the aYÔ 
2+ 
complex in the presence of Ca indicates that these two forms have 
substantial a-helical structures, being 38 and 30%, respectively. These 
values are only an estimate as the ellipticity of the a helix is some­
what chain length dependent (45,46). Upon addition of EGTA, 
spectral perturbation for the ay6 complex was quite obvious whereas 
only minor changes were observed for the holoenzyme (Fig. 8). These 
results suggest that the 3 subunit may play a role in the structural 
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organization or that the a-helical structures are more stabilized in 
the holoenzyme towards perturbation by EOT A, probably because of tight 
interactions among the four different subunits. It seems only subtle 
conformational change, perhaps at the active site, is enough to abolish 
the kinase activity. The decrease in the negative ellipticity at 208-
210 nm for phosphorylase kinase may also be contributed by changes 
in the positive ellipticity below 200 nm. More detailed analyses are 
required to explain this phenomenon. 
Amino acid compositions of the a, P, and Y subunits of phosphorylase 
kinase isolated from different forms of the enzyme are in excellent 
agreement with one another (Table III). Our results strongly suggested 
that the subunits found in the ayô and yS complex are authentic to 
those of the holoenzyme, and no proteolysis has occurred during the 
preparations. Although a harsh denaturing reagent, sodium dodecyl 
sulfate, was used to isolate the individual subunits, it may be possible, 
for example, to isolate the a subunit through the use of milder condi­
tions. The solubilization of the 3 subunit from its precipitate was 
extremely difficult. Numerous reagents such as 6M guanidine hydrochloride, 
8 M urea, 1 N HCl, 1 N formic acid, dimethyl sulfoxide, ethylene glycol, 
glycerol, 1,2-dimethoxyethane, and 1-10% octyl glucoside had been tried 
but none was successful. The significance of this observation is presently 
unknown. Nevertheless, the ability to isolate the a and 3 subunits 
of phosphorylase kinase separately, even in the presence of sodium 
dodecyl sulfate, may prove fruitful in the investigation of multisite 
45 
phosphorylation and the determination of sequence homology among the 
subunits. 
The ayô complex has a pH 6.8/8.2 activity ratio of 0.5-0.6 (Fig. 
10), resembling those for the activated forms of phosphorylase kinase. 
It is possible that the g subunit may indeed have an important role 
in regulating the enzyme activity at physiological pH because phos­
phorylation or degradation of this subunit activated the kinase (see 
1-3 for review). The activity of the yô complex does not seem to depend 
on pH, resembling those obtained for trypsin-activated phosphorylase 
kinase (8, 39, 43). Consequently, the a subunit may also impose a 
physical constraint to regulate the kinase activity at lower pH's. 
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FOOTNOTE 
T^he abbreviations used are: cAMP, cyclic adenosine 3',5'-mono­
phosphate; cGMP, cyclic guanosine 3*,5'-monophosphate; SDS, sodium 
dodecyl sulfate; ATP, adenosine triphosphate; EGTA, ethylene glycol 
bis (3-aminoethylether)-N ,N'-tetraacetic acid; MES, 2-(N-morpholino)-
ethanesulfonic acid; BSA, bovine serum albumin; DTE, dithioerythreitol; 
Rs, Stokes radius. 
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TABLE I 
Molar ratios of the subunits of phosphorylase kinase, ayS 
and yô complexes^  
Enzyme forms Molar Ratios of Subunits 
a + a' g y 6 
phosphorylase kinase 1.00 1.07 1.08 0.88 
ayS complex 1.00 - 1.16 1.19 
y5 complex - - - 1.00 0.79 
h^e molar ratios were calculated from densitometric tracings of 
SDS-polyacrylamide gels of phosphorylase kinase, the ay& complex, 
and the catalytically active y6 species isolated as described in 
Experimental Procedures and text. 
M^olar ratios for these subunits were not calculated because only 
trace or negligible amounts were present. 
TABLE II 
Far-UV circular dichroism of phosphorylase kinase and ay6 complex 
Mean Residue Ellipticity 
Conditions (deg. cm^  dmole~l) 
PhK ayô 
Estimated % a-helix 
PhK ay6 
[e]222 CD
 
to
 
o
 
00
 [6]222 ®^^ 208 222nm^  208nm^  222nm^  208nm^  
+Ca2+ 
(0.69nM) 9130 9420 6920 5680 37.9 46.3 30.6 33.4 
4EGTA 
(1.5mM) 9150 8730 6280 4905 37.9 43.9 28.4 30.7 
[0] + 2340 
% helix 30,300 
HELIX • '°'LLOOR° 
(ref. 37) 
(ref. 38) 
N) 
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TABLE III 
Amino acid analyses of the a, 3» and Y subunlts of phosphorylase 
kinase. 
Amino Acid Rôsidùés per 
Amino 
Acids 
a + 3 
(272,000g) 
a 
(143.000g) 
1 
(129,000g) 
Y* 
(41,000g) (41,000g) 
Aspartic acid 220 115 116 30 28 
Threonine 128 75 56 18 18 
Serine 178 104 74 22 23 
Glutamic acid 289 153 139 36 36 
Proline 128 74 60 18 18 
Glycine 172 107 79 25 27 
Alanine 147 92 55 21 22 
Valine 136 76 59 20 20 
Methionine 55 34 21 7 9 
Isoleucine 115 61 56 13 13 
Leucine 261 135 122 31 31 
Tyrosine 99 47 48 15 16 
Phenylalanine 78 44 40 15 13 
Lysine 159 75 77 26 23 
Histidine 65 39 28 10 11 
Arginine 135 69 68 22 22 
Total 2365 1300 1098 329 330 
subunit isolated from phosphorylase kinase, 
subunit isolated from the Y"S complex. 
FIGURE 1. Gel filtration of LiBr treated phosphorylase kinase. 
Phosphorylase kinase (1.32 mg/ml) was incubated at 0° in a 
buffer containing 1,76 M LiBr, 10.4 xnM 100.8 mM MES, pH 7.0, 
2+ 1.46 inM Ca , 1.46 mM EOT A, 36.6 mM sodium 3-glycerophosphate, 22 
mM 3-mercaptoethanol and 7.3% sucrose for 6.5 h. The incubation 
mixture was clarified by centrifugation at 18,000 x g for 10 min. 
and was then applied to a Sephadex G-ISO column (2.1 x 108 cm) 
equilibrated with Buffer A. Fractions of approximately 3 ml were 
collected and assayed for protein (•), and kinase activity (o) as 
described in Experimental Procedures. 
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FIGURE 2. Ion-exchange chromatography of the ay6 complex obtained 
from gel filtration. 
Fractions 56-60 obtained from Sephadex G-150 chromatography 
as depicted in Fig. 1 were pooled and applied to a DE-52 column 
(0.7 X 7.4 cm) equilibrated with buffer A. The column was washed 
with 10 ml buffer A and then eluted with a linear gradient (0-0.5 M) 
of NaCl. Fractions of 1.5 ml were collected and assayed for protein 
(•) and kinase activity (o). 
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FIGURE 3. Gel electrophoresis of ay6 complex under denaturing and 
nonderaturing conditions. 
A. Polyacrylamide gel electrophoresis of nonactivated phosphorylase 
kinase (PhK) and the ayô complex in the presence of SDS were performed 
according to (35) with 10% gels. Densitometric tracings of these 
two gels are also shown. 
B. Polyacrylamide gel (5%) electrophoresis of the ayS complex 
under nondenaturing conditions. 
FIGURE 4. Gel filtration of the ay6 complex on Sepharose 6B. 
Approximately 100 yl of the ayfi complex (55 ug/ml) were applied 
to a Sepharose 6B column (1 x 36 cm) equilibrated with buffer A 
containing 77 mM NaCl. Fractions of 0.3 ml were collected and 
assayed for kinase activity (A). Estimation of the mol. wt. of aYô 
from a curve calibrated with aldolase, catalase, ferritin, and thyro-
globulin on the same column is shown in (B). 
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FIGURE 5. Gel filtration of the yô complex on Sephadex G-150. 
Approximately 100 yl of the Y6 complex (3.5 yg/ml) were applied 
to a Sephadex G-150 column (1.2 x 51 cm) equilibrated with buffer A 
containing 77 mM NaCl. Fractions of 0.75 ml were collected. Fig. 5A 
shows the activity elution profile of the yS complex. Fig. 5B shows 
the calibration curve for the determination of mol. wt. 
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FIGURE 6. Sucrose density gradient ultracentrifugation of the ay6 
and yô complexes. 
The ay6 complex (20 yg/ml), or the yô complex (1.9 lag/ml), was 
centrifuged in a 5-20% sucrose gradient as described in Experimental 
Procedures. The sedimentation profiles of the ay6 complex (A) 
and the y6 complex (B) are shown. Fig. 6C shows the calibration 
curve for the S-_ values. 
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FIGURE 7. UV absorption spectrum of the ay& complex. 
The UV absorption spectrum of the ayS complex in 50 niM MES, 
pH 7.0, 0.5 iriM dithioerythreitol, 100 yM CaClg, 50% glycerol, was 
obtained by using a Gary 118 spectrophotometer. 
FIGURE 8. Circular dichroism of phosphorylase kinase and ayg complex. 
Far-UV circular dichroism of phosphorylase kinase (35.6 yg/ml) 
and ayg complex (29.3 yg/ml) was measured as described in Experimental 
Procedures in the presence of 0.7 mM CaClg ( • ) or 1.5 niM EGTA 
( o ). 
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FIGURE 9. SDS-polyacrylamide gel electrophoresis of the subunits 
of phosphorylase kinase. 
The different subunits of phosphorylase kinase were isolated 
as described in the text and Experimental Procedures. Polyacrylamide 
gel electrophoresis in the presence of SDS was performed with (a) 
(a + a' + g) subunits; (b) y subunit, both (a) and (b) were from the 
holoenzyme; (c) a subunit from the ayô complex; (d) precipitate 
obtained after incubation of phosphorylase kinase with LiBr at 0° 
for 6.5 h; (e) g subunit isolated from (d); (f) y subunit isolated 
from the yfi complexj 
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FIGURE 10. Activity-pH profile of nonactivated phosphorylase kinase, 
ayfi and yS complexes. 
Nonactivated phosphorylase kinase (0.82 yg/ml), ayS complex 
(0.59 yg/ml), Yg complex (0.17 yg/ml) were assayed at various pH's 
in buffers containing 42 mM Tris, 48 mM 3-glycerophosphate, 12.5 mM 3-
2+ 4^» 
mercaptoethanol, 0.1 mM Ca ,5 mg/ml phosphorylase b, 8.33 mM Mg , 
and 2.83 mM [y-^ P^]ATP. Reactions were initiated with [Y-^ P^]ATP 
and terminated after 5 min. Phosphorylase kinase (•), the ayô 
complex (A), and the yS complex (•) activities are shown. 
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SECTION II: RABBIT SKELETAL MUSCLE PHOSPHORYLASE KINASE: 
CATALYTIC AND REGULATORY PROPERTIES OF THE 
ACTIVE oyg AND Y<S COMPLEXES 
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SUMMARY 
The catalytic and regulatory properties of the purified ayâ and 
yô complexes from rabbit muscle phosphorylase kinase were investigated. 
Unlike the holoenzyme, both ayô. and yS complexes showed linear kinetics 
2+ 
at pH 6.8 and 8.2, did not have an absolute requirement for Ca , 
and their activities were inhibited by EGTA to only 30%. The apparent 
values of nonactivated, activated, ayô. and yd forms of phosphorylase 
kinase for phosphorylase b were determined as 0.25, 0.08, 0.11 and 
0.094 mM, respectively, whereas the apparent values for ATP were 
0.22 mM (nonactivated), 0.50 mM (ayô), and 0.95 mM (yô). Initial 
rate kinetic analyses indicated sequential mechanisms for both of 
the native kinase and the ayô complex, and their molar activities 
were estimated as 99.3 and 91.4 molecules s respectively. The 
turnover number for the yS complex was ca. 104 molecules s These 
results suggest that the y subunit may contain the sole catalytic 
site for the conversion of phosphorylase b. 
The y6 complex could not autophosphorylate itself but could phos-
phorylate and activate the native kinase, even in the presence of 
EGTA and protein kinase inhibitor at pH 6.8. The ayô complex could 
32 
undergo autophosphorylatlon. Up to 4.2 mol P/mol ayô were incorporated 
into the a subunit without affecting the enzyme activity. Cyclic 
AMP-dependent protein kinase could also phosphorylate the ayô complex 
to the same extent but at a rate 1.6-fold faster than autophosphorylatlon. 
Inhibition of the ayô and yô activities by EGTA is reversible 
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2+ 
with Ca only and is due to an increase in the apparent values 
for phosphorylase h. The y6 complex was found to have a less stringent 
2+ 
requirement of Ca for activity than the ayô complex. Glycogen and 
1,2-dimethoxyethane stimulated the activities of phosphorylase kinase 
and the oyô complex, but not the yô complex, whereas heparin stimulated 
2+ the holoenzyme only. Free Mg is stimulatory to all of the three 
2+ forms of kinase but free Mn is inhibitory. 
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INTRODUCTION 
Thus far, phosphorylase kinase (ATP: phosphorylase phosphotrans­
ferase, EC 2.7.1.38) isolated from rabbit skeletal muscle is the single 
enzyme that could activate phosphorylase b and inactivate glycogen 
synthase a simultaneously by phosphorylation (1—6), at least in vitro. 
Unlike cAMP-dependent protein kinase, phosphorylase kinase phosphorylates 
very few proteins. It has been reported that phosphorylase kinase 
also can phosphorylate itself (7), troponin I (8), troponin T (9), 
sarcoplasmic reticulum (10), cardiac sarcolemma (11), casein (8), 
and a brain protein which is influenced by repetitive synaptic activation 
(12). Thus, the activity of phosphorylase kinase is quite specific. 
It has currently been established that native phosphorylase kinase 
is a hexadecamer of four different subunits, (ogyd)^  (13-18). Very 
recently, we have indicated that the Y subunit of phosphorylase kinase 
is a catalytically active subunit (16, 18), and Cohen's Laboratory 
has demonstrated that the 6 subunit is identical to calmodulin (15, 
17, 19). The nature and functional roles of the a and 3 subunits 
are still not definitively clear. The a subunit has been hypothesized 
to have the regulatory role of holding the enzyme in an inactive conforma-t 
tion (5, 18). It has also been reported that phosphorylation of the 
a subunit influences the dephosphorylation of the 3 subunit and results 
in inactivation of the enzyme (5, 20). This "second-site phosphorylation" 
mechanism, however, has recently been challenged (21). By using proteo­
lysis, Fischer et al. (22, 23) have suggested that the catalytic activity 
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of dogfish and rabbit skeletal muscle phosphorylase kinase resides 
in the 3 subunit. However, it is also indicated that the Y subunit 
may be the catalytic subunit by using limited trypsin digestion (13, 24). 
Correlation between the inactivation and the degree of modification 
of the kinase by a series of affinity labelling ATP analogs modified 
in the triphosphate moiety (25) suggested that the g subunit may contain 
the catalytic site, but, the y subunit was also affinity labelled. 
No polypeptide corresponding to the molecular weight of the Y subunit 
was found in the sarcoplasmic reticular membranes from rabbit muscle 
that contained phosphorylase kinase activity with a pH 6.8/8.2 activity 
ratio of ca. 0.5 (26), though polypeptides of molecular weights 140,000 
and 120,000 corresponding apparently to the a and 3 subunits of phos­
phorylase kinase were present. Dickneite et al. (27),on the other 
hand, have suggested that there may be two separate catalytic sites 
on phosphorylase kinase for the phosphorylation of phosphorylase and 
troponin T. 
To partially resolve these discrepancies and further investigate 
the functional roles of the different subunits in the phosphorylase 
kinase reaction, we have studied some of the catalytic properties 
of the purified active ayS and y6 complexes (16, 18). Regulation 
of the kinase activity by phosphorylation, calcium ions, and other 
effectors was also investigated. 
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MATERIALS AND METHODS 
Glycogen was purified according to Anderson and Graves (28). 
Heparin was a product of Sigma. 1,2-Dimethoxyethane was purchased 
from Eastman Chemical Co. Rabbit skeletal muscle phosphorylase kinase 
32 
and its «^ 6 and y6 complexes, phosphorylase b, [Y- P]ATP, and other 
materials used were prepared as described in the preceding paper 
(18). The 6 subunit (calmodulin) of phosphorylase kinase was purified 
essentially according to Cohen et al. (15, 17), and its concentration 
was determined spectrophotometrically by using an absorbance index, 
17 
A-ior» > of 2.5 (29). The catalytic subunit of cAMP-dependent protein 
Zou nm 
kinase was prepared according to the method of Bechtel et al. (30) 
and the protein kinase inhibitor was a generous gift from Dr. D. A. 
Walsh. 
Phosphorylase kinase activity was assayed as described previously 
(18) at pH 6.8 or 8.2. At intervals, aliquots of the reaction mixtures 
32 
were withdrawn and analyzed for P incorporation. 
Polyacrylamide gel electrophoresis in the presence of SDS with 
either 7.5% or 10% gels was carried out according to Laemmli (31). 
Gel segments containing the stained protein subunits of phosphorylase 
kinase were excised and incubated with 30% hydrogen peroxide (0.2 ml) 
in tightly-capped scintillation vials for 5-6 h at 95 °C. NCS solubilizer 
(1.0 ml) was added and the solutions were counted by using liquid 
scintillation spectrometry. 
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RESULTS 
Activity of the ay6 and yS complexes 
2+ 
The responses of the purified ay6 and complexes to pH and Ca 
are in marked differences from nonactivated phosphorylase kinase. The 
reaction progress curves of these two complexes were linear, not only 
at pH 8.2, but also at pH 6.8 (Fig. 1), suggesting that the 3 subunit 
may at least partly contribute to the typical hysteresis associated 
with the native holoenzyme at pH 6.8 (2). The pH 6.8/8.2 activity 
ratios are 0.55 and 0.94 for the oyô and y6 complexes, respectively, 
in agreement with those reported previously (16, 18). In the presence 
of EGTA, nonactivated phosphorylase kinase has very little or no activity 
(5, 6). The two active complexes, however, still retained about 30% 
of their original activities, and interestingly, their pH 6.8/8.2 
activity ratios became unity (Fig. 1). In addition, the kinase activities 
of the ay6 and yô complexes were linear with enzyme concentrations 
between 0.2-3.0 yg/ml for ay6 and 0.05-0.60 yg/ml for y S (results 
not shown), suggesting either that these complexes do not aggregate 
in dilute solutions or that the polymerized forms do not affect the 
linearity of enzyme reactions. 
Catalytic properties of the active complexes 
To understand the effect of different subunit compositions on 
the catalytic properties of phosphorylase kinase, the apparent values 
for phosphorylase b and MgATP and the apparent values 
were determined for the ay6 and yô complexes, and were compared with 
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those of the nonactivated and activated forms of phosphorylase kinase. 
The pH 6.8/8.2 activity ratios for the nonactivated and activated kinase 
used in these experiments were 0.06 and 0.39, respectively. All assays 
were done in the presence of 0.1 mM Ca^ "*" and 10.0 mM Mg^ .^ Phosphorylase 
h was 100 yM when determining the apparent kinetic paramteres for ATP, 
32 
and [y- P]ATP was 2.8 mM when determining those for phosphorylase 
h. The results are summarized in Table I. The apparent kinetic param­
eters calculated for nonactivated or activated phosphorylase agree 
closely with the previously reported values (19), with the activated 
form having 4- to 5-fold higher affinity for phosphorylase h, whereas 
the affinity for ATP seems unchanged. The ayfi complex has a similar 
apparent for phosphorylase b at pH 8.2 to the activated kinase; 
however, the value is increased about 2-fold at pH 6.8 with very 
slight effect on the apparent value. The apparent affinity of the 
ayô complex for ATP is decreased 2- to 3-fold at either pH 6.8 or 8.2 
when compared with the holoenzyme. It has been reported that activation 
of the holoenzyme by cAMP-dependent protein kinase or varying the pH's 
of the assays have little effect on the apparent of the two forms 
of phosphorylase kinase for ATP (2, 6). Thus, the absence of the g 
subunit or the monomeric nature of the ayô complex (18) may be respon­
sible for the decrease in the affinity for ATP. The apparent values 
of the ayô complex were always lower than expected when compared with 
those obtained for the native kinase, possibly because neither substrate 
was at saturating levels in the assays. The apparent kinetic parameters 
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of the y6 complex seemed relatively unchanged at pH 8.2 or 6.8. The 
affinity for phosphorylase b is almost the same as the activated kinase, 
but surprisingly, the apparent for ATP is increased to millimolar 
level, suggesting that the absence of the a and 3 subunits or the mono-
meric nature of the yfi complex have an important effect on the affinity 
for ATP. Again, the apparent values of the yô complex were lower 
than expected. Under identical assay conditions, however, the estimated 
turnover numbers for the ayô and yô complexes are almost identical, 
being approximately 57 and 54 molecules s respectively. This strongly 
suggests that the a subunit plays no catalytic role in the phosphorylase 
kinase reaction. To clarify the problem of whether the y subunit contains 
the sole catalytic site for phosphorylase b conversion, we have initiated 
another series of more elaborate initial rate studies for the «yô complex 
(Fig. 2) and the nonactivated kinase. It is evident from these plots 
that the family of lines converged to common intersection points, indi­
cating sequential mechanisms and consistent with the earlier report 
on activated kinase (32). Secondary plots constructed from the intercepts 
of the primary plots with respect to phosphorylase b were also linear 
for the ayô complex (Pig. 2A, inserts) but slightly curved upward for 
the nonactivated kinase (not illustrated). Secondary plots of the 
intercepts with respect to AXP were linear in both cases (Fig. 2B, 
insert). Based on a molecular weight of 100,000 for phosphorylase b, 
the kinetic parameters obtained are summarized in Table II. The apparent 
K values of the nonactivated kinase and the ay6 complex for phosphorylase 
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h and ATP are in close agreement with those values shown in Table I. 
However, the molar activities of these two forms of enzyme now appear 
approximately the same, being 99.3 molecules s ^  for the nonactivated 
kinase and 91.4 molecules s ^  for the ayô complex. Therefore, the 
absence of the 0 subunit only causes a small loss of substrate turnover. 
When the Y6 complex was assayed in the presence of high concentrations 
of phosphorylase b (0.41 mM) and MgATP (8.87 mM), a molar activity 
of 82.8 molecules s ^  was estimated (results not shown). Because our 
preparations of the yô complex always contain slightly less than 
stoichiometric amounts of the 6 subunit (18), the kinase activity was 
redetermined with exogenous addition of this subunit, and a molar activity 
of ca. 104 molecules s ^  was calculated. These results indicate that 
2+ the y subunit, in the presence of the 6 subunit and Ca , could account 
for almost all the phosphorylase kinase activity toward phosphorylase 
b conversion. 
Phosphorylation and activation of nonactivated phosphorylase kinase 
by y6 complex 
To further ascertain that the catalytically active y subunit can, 
in fact, also catalyze the phosphorylation of the a and 3 subunits 
of phosphorylase kinase, thereby causing activation of the enzyme, 
the autocatalytic reaction of the nonactivated kinase was compared with 
that catalyzed by the purified yô complex. Reactions were carried 
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out at pH 6.8 in the presence of both EGTA and protein kinase inhibitor. 
Under these conditions, there was very little autophosphorylation and 
autoactivation of the nonactivated kinase (Fig.s 3A and 3B), in agree­
ment with the previous observations (6). However, both the rate of 
phosphorylation and activation of the holoenzyme were increased signifi­
cantly in the presence of the yô complex (Figs. 3C and 3D). At 45 
min, ca. 0.85 mol phosphate/mol g subunit and 0.6 mol phosphate/mol 
a subunit were incorporated with a concomitant increase in enzyme activity. 
Not only the activation patterns, but also the phosphorylation patterns, 
of the reactions were similar to those catalyzed by cAMP-dependent 
protein kinase (5, 6). The pH 6.8/8.2 activity ratio was increased 
from ca. 0.05 to ca. 0.38 and correlated closely with the phosphorylation 
of the 3 subunit. There was also a lag in the rate of phosphorylation 
of the a subunit, and phosphorylation of this subunit commenced only 
after about 0.5 mol phosphate/mol 3 subunit was incorporated. The 
initial rate of phosphorylation of the 3 subunit was at least 30-fold 
faster than that of the a subunit. These results indicate that the 
y subunit, under appropriate conditions, may be able to initiate the 
autophosphorylation and autoactivation of phosphorylase kinase. Further, 
these observations also support the suggestion that autophosphorylation 
is an intermolecular process (7) and the idea that cooperativity exists 
in the phosphorylation of the a and 3 subunits (5). 
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Autophosphorylation of the gyS complex 
Approximately 1.5-2 moles of phosphate per g subunit and 5-7 
moles of phosphate per a subunit could be incorporated into phos-
phorylase kinase during autophosphorylation and autoactivation, and 
concomitantly,the pH 6.8/8.2 activity ratio is increased to ca. 0.5 
(2, 6, 7). The ay6 complex also could autophosphorylate itself even 
in the presence of the protein kinase inhibitor and at low pH (Fig. 4). 
No lag in the reaction progress curve at pH 6.8 was observed, in 
32 
contrast to the holoenzyme (33). Up to 4.2 mol P/mol ayS were 
incorporated without affecting the enzyme activity. The pH 6,8/8.2 
activity ratio remained essentially unchanged at around 0.5. Analysis 
by using SDS-polyacrylamide gel electrophoresis and autoradiography 
revealed that only the a subunit was phosphorylated (Fig. 4c). Similar 
observations were obtained when the catalytic subunit of cAMP-dependent 
protein kinase was used to catalyze the phosphorylation. However, 
the rate of phosphorylation with protein kinase was ca. 1.6-fold 
higher. Under the same conditions, activation of phosphorylase kinase 
by protein kinase was almost complete within 5 min. with the pH 6.8/8.2 
32 
activity ratio increased to ca. 0.40 and 2.2 mol P/mol aPyô were 
found (not shown). Whether the same sites on the a or 3 subunit were 
being phosphorylated by phosphorylase kinase, the or y& complex, or 
protein kinase, remain to be determined. In contrast, no autophos­
phorylation of the yô complex (0.084 mg/ml) was apparent under similar 
conditions as described in Fig. 4, consistent with the previous results 
82 
(16). Further, cAMP-dependent protein kinase is of no effect on the 
phosphorylation or activation of this complex (results not shown). 
Thus, both the Y and Ô subunits are inert to phosphorylation, regardless 
of the forms of phosphorylase kinase. 
Regulation of activities by calcium ions 
Similar to nonactivated phosphorylase kinase (34), inhibition 
of the activities of ay6 and YÔ complexes by EGTA was reversible by 
2+ 
adding Ca (Fig. 5). The action of EGTA was immediate, indicating 
that all the three forms of phosphorylase kinase have specific requirements 
2+ 
of Ca for activity and that the inhibition is not due to general 
denaturation and inactivation. An average of 89, 78, and 83% of the 
2+ 
original activities were recovered with Ca for the native kinase, 
the ayÔ and y& complexes, respectively. Exogenous Ô subunit (calmodulin) 
had no effect in reversing the inhibition (Fig. 5), suggesting that 
the loss of activity may not be due to mere dissociation of the 6 subunit 
from the enzymes. 
The effect of EGTA on the apparent kinetic parameters of the ayô 
and yS complexes also was determined (Table III). In the presence 
2+ 
of the Ca -chelator, the apparent values for phosphorylase were 
increased to above 2 nM, but very little changes in the affinity for 
ATP were observed for both the complexes. The apparent values were 
decreased ca. 10-fold in either case. 
2+ 
Because of the intrinsic difficulties in the determination of Ca 
concentration, no attempt was made in the present studies to calculate 
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the calcium ion concentrations required for half-maximal activation 
of the different forms of phosphorylase kinase. Only a semiquantitative 
2+ investigation of the Ca -requirement was made for the native kinase, 
the ay5 and the yô complexes, by assaying the enzyme activity in the 
2+ presence of 0.1 mM Ca and titrating with different concentrations 
of EGTA. Results are shown in Fig. 6. Native phosphorylase kinase, 
in agreement with previous reports (34, 35), has the most stringent 
2+ 
requirement of Ca . At approximately equimolar concentrations of 
2+ Ca and EGTA, very little activity was obtained. When EGTA was over 
0.3 nM, the activity of the native kinase was almost negligible. Similar 
to the studies described above, both the ayô and yfi complexes still 
have ca. 30% of their original activities even at 2 mM EGTA. The transi­
tions of activity were sharp for the native kinase and the yô complex, 
but reproducibly less so for the ayô complex. It is evident, however, 
2+ 
that the yô complex has the least stringent requirement of Ca for 
activity. These results seem comparable to those very recently reported 
by Cohen (35) who demonstrated that at pH 8.2, the apparent for 
2+ Ca of the nonactivated, cAMP-dependent protein kinase activated, 
and trypsin-activated phosphorylase kinase are 16, 0.6, and 0.05 yM, 
respectively. 
Effectors of the phosphorylase kinase reaction 
A number of effectors that are able to regulate the phosphorylase 
kinase reaction have been reported (see 6 for review). The exact 
mechanisms by which these effectors exert their properties on the 
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kinase, however, are still not definitively clear. Therefore, studies 
were made to see if different molecular structures of phosphorylase 
kinase have different responses to these regulators : 
A. Divalent metal Ions 
In addition to Ca^ ,^ is needed in the phosphorylase kinase 
reaction for the formation of MgATP^  (36). However, free Mg^  ^was 
found to stimulate the conversion of phosphorylase b whereas free 
2+ Mn was inhibitory to the nonactivated kinase (Fig. 7A), in agreement 
with the previous results (36). Similar observations also were made 
for the ay6 and Yô complexes (Figs. 7B, 7C). For the three forms 
of kinase, maximal stimulation of the activity appeared to be around 
2+ 2+ 10 mM free Mg , higher concentrations of Mg are slightly inhibitory. 
2+ 2+ Mn could substitute for Mg but optimal activity only occurred 
2+ 
when the two components, Mn and ATP, were present in a 1:1 ratio, 
2+ in agreement with the results of Krebs and Fischer (1). Excess Mn 
was inhibitory to all three forms of kinase. Whereas the properties 
of the ayS complex closely resemble those of the holoenzyme in response 
to Mg^ "*" and Mn^ \^ it is interesting that the yô complex can utilize 
2— 
MnATP more effectively in the catalytic reaction (Fig. 7C). The 
2+ 
optimal activities obtained by using Mn for the nonactivated kinase, 
the ayÔ and yô complexes were ca. 38, 40, and 90%, respectively, 
2+ 
of those obtained by using Mg . These results suggest that the 
2+ 
a (or g) subunit may be sensitive to free Mg . Surprisingly, at 
2+ 
equimolar concentrations of metal ion-ATP, Mn seems to be more 
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2+ 
effective than Mg , The nature of these phenomena remains to be 
investigated. 
B. Glycogen and Heparin 
Inclusion of glycogen in the assays stimulated nonactivated 
phosphorylase kinase about 1.8-fold at pH 8.2 (Fig. 8A), with half-
maximal stimulation occurring at about 0.35% glycogen» in agreement 
with those reported by Krebs et al. (2). Glycogen also stimulated 
the activity of the ayô complex to about 1.6-fold, with an apparent 
also around 0.35% glycogen. In contrast, glycogen did not affect 
the activity of the y6 complex. It has been reported that the effect 
of glycogen is to decrease the apparent of the nonactivated kinase 
for phosphorylase 6, probably due to formation of glycogen-phosphorylase 
complex. That glycogen may affect nonactivated phosphorylase kinase 
directly was shown, however, by the stimulation of the autophos-
phorylation reaction (7) and that the kinase present in a glycogen 
2+ particle had a decreased affinity for Ca (37). Our results demon-» 
strated that glycogen does have a direct effect on phosphorylase 
kinase and indicated that the a (and 3) subunit may play a role in 
the recognition of glycogen. 
The stimulatory effect of heparin on the activity of phosphorylase 
kinase at pH 6.8 (2) is also confirmed in this report (Fig. 8B). 
At the highest concentration of heparin used (20 units/ml), the non-
activated kinase was stimulated about 2.6-fold. No stimulation was 
observed, however, for both the ayô and the yô complexes. These 
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results suggest that the 3 subunit, or the hexadecameric nature of 
the holoenzyme, may be sensitive to heparin. 
C. Other effectors 
Because organic solvents have been reported to affect the phos-
phorylase kinase reaction (38), the effect of 1,2-dimethoxyethane 
on the activities of the three forms of kinase was studied. This 
organic solvent, at a concentration of ca. 10% (v/v),was found to 
stimulate nonactivated phosphorylase kinase activity about 6- to 
7-fold with concomitant increase in the pH 6.8/8.2 activity to ca. 
0.6 (Fig. 9). The ayS complex was also stimulated by this reagent 
to a pH 6.8/8.2 activity ratio of ca. 0.8. The yô complex, however, 
was slightly inhibited by the organic solvent. At concentrations 
higher than 10% (v/v), 1,2-dimethoxyethane inhibited all of the three 
forms of phosphorylase kinase activities. 
When other effectors were tested on the activity of the yô complex, 
it was found that cAMP (50 pM), cGMP (50 yM), NaCl (25-250,mM), IMP 
(1.1 mM), glucose-6-phosphate (7.5 mM), glucose-1-phosphate (16.7 mM), 
and caffeine (0.81 mM), did not affect the enzyme activity significantly 
(results not shown). However, ADP (16.7 mM) and histone VII S (4.1 mg/ml) 
were potent inhibitors, causing 90 and 80% inhibitions, respectively. 
In separate experiments (not shown) where other nucleotide triphosphates 
32 (0.5 mM) were added together with [y- P]ATP (0.5 mM) to the three 
forms of kinase, only GTP caused the most significant inhibition 
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32 
of P incorporation into phosphorylase (ca. 20% inhibition). 
UTP caused about 7-10% inhibition and ITP and CTP were of no effect. 
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DISCUSSION 
Until very recently, the physical nature and the functional 
roles of the different subunits in skeletal muscle phosphorylase 
kinase remained only speculative. We have previously presented evidence 
that the y subunit is a catalytically active subunit (16, 18) and 
Cohen et al. (15, 19) have identified the 5 subunit as the ubiquitous 
calmodulin. 
In the present studies, we show by kinetic analyses that either 
the ayS complex or the y6 complex, could account for almost all of 
the molar activity of phosphorylase kinase (Table II). Both the 
ayâ and yô complexes show linear kinetics at pH 6.8 and 8.2 (Fig. 
1). Although it is still not certain whether the hysteresis associated 
with phosphorylase kinase at pH 6.8 is due to autophosphorylation 
or dissociation of the enzyme during the reaction, our results suggest 
that either the lack of physical constraint exerted by the g subunit, 
or the monomeric nature of the two complexes, may eliminate this phenom­
enon. Very recently, it has also been suggested that the hysteresis 
2+ 2+ 
could be abolished through a synergistic effect of Mg and Ca 
on phosphorylase kinase (39). 
The ayô and y6 complexes have very similar affinities for phos­
phorylase b at pH 8.2 as activated phosphorylase kinase (Table I) 
and are 3- to 4-fold higher than that of the nonactivated form. It 
has been reported that at pH 7.5, the of the activated kinase 
for phosphorylase b is one-half the value reported for the nonactivated 
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form (2). Thus, either activation by phosphorylation of the 3 subunit 
or dissociation of the holoenzyme to a ay6 or yg form results in 
a decrease in the apparent K for this substrate. No effect was 
m 
found on the apparent for ATP upon varying the pH's of the reactions 
or phosphorylation and activation of phosphorylase kinase (2). However, 
both the ay6 and yô complexes have higher values than the holoenzyme, 
being ca. 0.50 and 0.95 mM, respectively. These results suggest 
that the o and 3 subunits may play an important role in regulating 
the affinity for the nucleotide triphosphate. It is possible that 
the 3 subunit may share part of the ATP binding site in the y subunit, 
thus facilitating the phosphorylation of this subunit by the cata-
lytically active y subunit resulting in autoactivation of the native 
kinase. Absence of the 3 subunit in the ayô complex, therefore, 
causes an increase in the apparent for ATP (Tables I and II). 
Recently, it has been found that skeletal muscle glycogen synthase 
(EC 2.4.1.11) can be phosphorylated and inactivated readily by phos­
phorylase kinase (3, 4) and it is believed that the conversion of 
phosphorylase and glycogen synthase occurs at the same catalytic 
site. Preliminary studies showed that the ayô complex could also 
2 phosphorylate glycogen synthase readily , further indicating that 
the y subunit contains the catalytic site. 
Our suggestion that the y subunit is a catalytically active 
subunit is in conflict with the conclusions of Fischer et al. (22, 
23). Based on experiments in which dogfish or rabbit muscle phos-
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phorylase kinase was digested with trypsin or chymotrypsin, they 
suggested that the 3 subunit was the catalytic subunit. Furthermore, 
they proposed that the y subunit was very similar or identical to 
actin (22, 23). In the case of rabbit skeletal muscle phosphorylase 
kinase, there is no question of the y subunit being dissimilar to 
actin, since the proteins could be separated by gel electrophoresis 
in the presence of SDS. The y subunit migrates faster than actin 
and comigrates with the catalytic subunit of cAMP-dependent protein 
3 
kinase . in addition, the amino acid composition of the y subunit 
isolated from the yô complex (AO) is distinctly different from actin 
but almost identical to that of the y subunit purified from the holo-
enzyme in the presence of SDS (40,41). A possibility exists that 
32 the active and P-labelled protein obtained after chymotrypsin diges­
tion of rabbit phosphorylase kinase (23) is actually composed of 
a small fragment of the y subunit that retains the active site and 
32 
a degraded P-polypeptide (Mr = 33,000) of the 3 subunit. These 
two proteolytic fragments may interact with each other very strongly 
during the course of preparation, however, gel electrophoresis in 
the presence of SDS may have left the small fragment of the y subunit 
undetected. By using ATP analogs modified in the triphosphate moiety, 
it was found that both the 3 and y subunits of phosphorylase kinase 
could be affinity labelled (25). The enzyme still retained 90% of 
its original activity even when 1 mole of adenosine-5'-(chloromethane-
pyrophosphonate) was bound per mole of the y subunit. However, there 
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appeared a positive correlation between the inactivation and the 
degree of modification of the 0 subunit. These results could be 
interpreted if indeed the y and 6 subunits share a common ATP-binding 
site in the catalytic center. 
The adenosine moiety of ATP may be recognized by the y subunit 
whereas the phosphate part may be bound more toward the 3 subunit. 
Affinity labelling of the B subunit by these ATP analogs (25), or 
those modified in the sugar portion (42), could possibly create a 
steric hinderance or conformational change in the active site of 
the y subunit thereby causing inactivation of the enzyme. Alterna­
tively, the 3 subunit may have an allosteric high affinity ATP binding 
site which, if modified, causes inactivation of the enzyme. On the 
other hand, the labelling of the y subunit may be due to some nucleo-
philes located in juxtaposition to these reagents but more remote 
from the active site, therefore, no apparent Inactivation was observed. 
In these regards, limited proteolysis of phosphorylase kinase after 
incorporation of ATP analogs into the 3 subunit may not be able to 
recover enzyme activity. However, it should be interesting to see 
if the activity could be regained through dissociation of the enzyme 
after affinity labelling. On a genetic basis, it has also been argued 
that the 3 subunit is not a catalytic subunit (5). The possibility 
that phosphorylase kinase may contain two separate catalytic sites 
for the phosphorylation of troponin T and phosphorylase b appears 
to be negated by the finding of a contaminating troponin T kinase 
i 
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activity in the phosphorylase kinase preparations (43). The contro- : 
versy and enigma over the exact nature of the 3 subunit in rabbit 
muscle phosphorylase kinase is at present remain unresolved. 
If the y subunit were to contain the catalytic site, it is impera­
tive to show that this subunit can also phosphorylate the a and g 
subunits during autophosphorylation. We have demonstrated that phos­
phorylation and activation of phosphorylase kinase can occur with 
the y6 complex, even in the presence of EGTA and the protein kinase 
inhibitor (Fig, 3). These results also indicate that autophosphoryla­
tion of the native kinase is probably an intermolecular process, 
in agreement with the previous proposal (7). It is interesting 
that the phosphorylation and activation patterns of the native holo-
enzyme catalyzed by the y subunit or cAMP-dependent protein kinase 
are almost identical, suggesting that (i) there are certain similarities 
in the substrate specificity of these two enzymes, (ii) the g subunit 
may be more exposed, or oriented in such a way that it is more prone 
to be phosphorylated, or merely a better substrate, (jtii,) there 
is certain cooperativity among the different subunits during phos­
phorylation and activation. Because more than one phosphate could 
be incorporated into the 3 subunit under extenuating conditions (5, 
6), it is possible that one phosphorylatable site of this subunit 
is more peripheral and subject to phosphorylation through an inter­
molecular process either by phosphorylase kinase itself or by cAMP-
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dependent protein kinase. The other phosphorylatable site may be 
located near the active site and may be phosphorylated by the Y subunit 
via an intramolecular mechanism as described earlier. These ideas 
are being pursued in our laboratory. 
The catalytically active Y subunit also causes autophosphorylation 
of the a subunit in the ayS complex (Fig. 4). However, no apparent 
effect on the enzyme activity of the complex was observed either 
during the autocatalytic process or through phosphorylation by cAMP-
dependent protein kinase, suggesting that the relationship between 
phosphorylation and activation of phosphorylase kinase may be very 
complicated. In particular, the hypothesis that the phosphorylation 
of the a subunit regulates the dephosphorylation of the g subunit 
and the inactivation of the enzyme(5,20,44)has recently been challenged 
(21). At any rate, multisite phosphorylation may still have a func­
tional role in enzyme regulation. 
Although phosphorylase kinase, the aK& and Yô complexes are 
inhibited reversibly by EGTA, the extent of inhibition and sensitivity 
2+ to Ca appear to be quite different (Figs. 5 and 6). It appears 
that increasing the complexity of the enzyme may contribute to an 
2+ increase in Ca -requirement for activity. Thus, it is plausible 
that the a (and 3) subunit(s) may interact directly or indirectly 
with the 6 in different forms of phosphorylase kinase thereby causing 
2+ different changes in conformation and affinity for Ca . In the 
2+ 
absence of Ca , the enzyme forms must be in a conformational state 
(40). that binds phosphorylase b very poorly as reflected by the large 
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increase in the apparent values (Table III). Nevertheless, the 
2+ 
regulation of nonactivated phosphorylase kinase by Ca may be more 
profound especially because three forms of kinase activities, termed 
a^ , and a^ , have been suggested for the enzyme (45). These activ­
ities may correspond to those of y6, ayô and the nonactivated kinase. 
Different kinase forms appear to respond differentially to various 
effectors. Thus, the a subunit may play a role in the stimulatory 
response to glycogen (Fig. 7), whereas the 0 subunit may recognize 
heparin (Fig. 8). The effect of 1,2-dimethoxyethane on the holoenzyme 
and the complex may be due to partial disorganization of the 
ot (and 3) subunit(s) in the enzyme so that the catalytically active 
y subunit is more exposed, resulting in an enhancement of activity 
(Fig. 9). Higher concentrations of this organic solvent may inactivate 
the y subunit through denaturation. Of course, the different polymeri­
zation states of the three forms of kinase should also be taken into 
consideration. 
In conclusion, the availability of different structural forms 
of phosphorylase kinase should facilitate the studying of the possible 
functional roles of the subunits. 
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FOOTNOTES 
The abbreviations used are: cAMP, cyclic adenosine 3'-5'monophos­
phate; cGMP, cyclic guanosine 3'r-5*-monophosphate; SDS, sodium 
dodecyl sulfate; ATP, adenosine triphosphate; AMP, adenosine mono­
phosphate; IMP, inosine monophosphate; tetradecapeptide, SerAspGln-
GluLysArgLysGlnlleSerValArgGlyLeu (corresponding to the N-
terminal region of phosphorylase); EGTA, ethylene glycol bis(3-
aminoethylether)-N,N'-tetraacetic acid; MES, 2-(N-morpholino)-
ethanesulfonic acid. 
DePaoli-Roach, A., Chan, K.-F. J., Roach, P. J. and Graves, D. 
J. (unpublished results). 
Chan, K.-F. J. and Graves, D. J. (unpublished results). 
TABLE I 
Summary of apparent kinetic parameters of phosphorylase kinase, aYd and yô complexes 
Assay Enzyme Phosphorylase b ATP 
Conditions Forms K V K V 
m m m m 
(mM) (ymol/min/mg) (mM) (ymol/min/mg) 
pH 8.2 PhK-&* 0.25 ± 0.05 16.3 ± 2.4 0.22 ± 0. 03 9.3 ± 2.0 
PhK-a^  0.08 ± 0.02 18.0 ± 2.0 — — — - — — — — 
aYô 0.11 ± 0.03 16.8 ± 3.3 0.50 ± 0. 05 11.4 ± 3.8 
YÔ 0.094 ± 0.01 55.8 ± 4.7 0.95 ± 0. 14 48.6 ± 3.9 
pH 6.8 0.17 ± 0.02 13.5 ± 1.5 
o
 
+1 00 o
 04 9.1 ± 1.3 
75 0.083 ± 0.07 58.8 ± 3.6 0.86 ± 0. 06 42.3 ± 2.1 
-b , nonactivated phosphorylase kinase 
PhK -a , phosphorylase kinase activated by cAMP-dependent protein kinase 
Apparent kinetic parameters were obtained from the mean of at least two separate experiments. 
Phosphorylase kinase activities were assayed as described in METHODS and the text. 
TABLE II 
Kinetic parameters of nonactivated phosphorylase kinase and aYfi complex assayed 
at pH 8.2. 
Enzyme Kinetic parameters 
Forms K^  ^ Molar activity 
(mM) (mM) (ymol/min/mg) (molecules s 
Nonactivated o.23 ± 0.05 0.26 ± 0.03 18.1 ± 1.8 99.3 ± 9.9 
kinase 
ayô complex 0.091 ± 0.02 0.58 ± 0.08 27.3 ± 2.3 91.4 ± 7.7 
'^ ichaelis constants of phosphorylase b (based on M = 100,000) at infinite MgAIP 
concentrations. 
M^ichaelis constants of ATP (based on  ^= 15.4) at infinite phosphorylase 7 . . • TUQ D concentrations. 
"^ Mean of the intersection points on the intercept axis plotted with respect to 
phosphorylase b and ATP. 
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TABLE III 
Effect of EGTA on the apparent kinetic parameters of the «yô and Y6 complexes 
phosphorylase b ATP 
Assay 
conditions 
Enzyme 
Forms K. \ 
(mM) (ymol/min/mg) 
Km 
(mM) 
V 
m 
(ymol/min/mg) 
pH 8.2 + ayô >2.0 1.4 0.44 0.09 
2mM EGTA y6 >2.0 5.9 0.83 0.51 
Assays were done essentially as described in EXPERIMENTAL PROCEDURES except 
2.0 mM EGTA was Included. 
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FIGURE 1. Reaction Progress Curves of the ayô and y6 complex. 
The ayô complex (1.17 vg/ml) or the yô complex (0.27 lig/ml) were 
assayed at pH 8.2 (open symbols) or 6.8 (closed symbols) either in the 
presence of 0.1 mM CaClg (circles) or in the presence of 1.0 mM EGTA 
(triangles). Fig. A shows the reaction progress curves for the ayô 
complex and Fig. B are those for the yô complex. 
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FIGURE 1 (continued) 
FIGURE 2. Double reciprocal plots for the ayô complex assayed at pH 
8 . 2 .  
A. The reciprocal of the initial velocities at several but constant 
levels of MgATP were plotted as a function of the reciprocal of phos-
phorylase b concentration. MgATP concentrations were; a, 0.24 mM; 
b, 0.31 mM; a, 0.43 mM; d, 0.73 mM; c, 2.19 mM. Insert; the intercepts 
were plotted with respect to MgATP. 
B. The reciprocal of the initial velocities at several but constant 
levels of phosphorylase b were plotted as a function of the reciprocal 
of MgATP concentrations. Phosphorylase b concentrations were; a, 27 
yM; b, 34 yM; o» 45 yM ; d, 68 yM; e, 136 yM. Insert; the intercepts 
were plotted with respect to phosphorylase b. All assays were carried 
out as described in METHODS. 
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FIGURE 3. Phosphorylation and activation of nonactivated phosphorylase 
kinase by the yô complex at pH 6.8 and in the presence of EGTA and protein 
kinase inhibitor. Nonactivated phosphorylase kinase (1.26 mg/ml) incubated 
without (A, C) or with (B, D) the y& complex (2.27 yg/ml) at pH 6.8 
in a reaction mixture containing 35 mM 0-glycerophosphate, 1.41 nM EDTA, 
29 mM g-mercaptoethanol, 1.2 yg/ml protein kinase inhibitor, 0.54 mM 
EGTA, 5.04 mM Mg^ "*" and 2.29 mM [y-^ P^]ATP. At intervals, aliquots 
were taken and assayed for phosphorylase. kinase activity at pH 8.2 
32 ( # ) and at pH 6.8 ( O ). The P incorporation into the a ( # ) 
and 3(A) subunits was analyzed by SDS-polyacrylamide gel electro­
phoresis and scintillation counting. 
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FIGURE 3 (continued) 
FIGURE 4. Effects of autophosphorylation and phosphorylation by cAMP-
dependent protein kinase on the activities of the ayô complex. A. Auto­
phosphorylation of the ay6 complex (0.136 mg/ml) was carried out at 
pH 7.0 in a buffer containing 50 mM MES, 2.0mM [y- P]AIP, and 9.6 
yg/ml of protein kinase inhibitor. B. Phosphorylation of the ayô 
complex (0.136 mg/ml) by the catalytic subunit of cA^-dependent protein 
kinase (1.58 yg/ml) was carried out as depicted in A except 0.33 mM EGTA 
was present and the protein kinase inhibitor was omitted. Autophos­
phorylation of the ay6 complex in the presence of EGTA was used as 
a control. At intervals, aliquots of the reaction mixtures were taken 
and assayed for phosphorylase kinase activity at pH 8.2 (•^•), at pH 
32 6.8 (0,0), and P incorporation ( A  ). C. SDS-gel electrophoresis 
(a) and autoradiography (b) of the autophosphorylated ay6 complex were 
performed as described in METHODS. 
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FIGURE 5. Reversibility of EGTA inhibition on the activities of phos-
2+ phorylase kinase, ay6 and yg complex by Ca or calmodulin (6 subunit). 
The assays were carried out essentially as described in METHODS. The 
initial-rates of phosphorylase kinase, aYô and yfi, complexes were 6.7, 
5.8, and 27.9 pmol/min/mg, respectively. At time intervals, the con­
centration of the reaction mixtures was adjusted to 2.0 mM EGTA (indi-
2+ 
cated by arrows), and later, either excess Ca (2.1 mM)( • ) or 6 
subunit (25 pg/ml)( A ) were added. 
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FIGURE 5 (continued) 
2+ 
FIGURE 6. Semi-quantitative determination of the Ca -sensitivity 
for phosphorylase kinase, ciYÔ and yô complexes. Nonactivated phos-
phorylase kinase (0.88 ug/ml), ayô (0.69 yg/ml) and Y<S (0.53 ug/ml) 
were assayed at pH 8.2 in reaction mixtures as described in METHODS 
except containing various concentrations of EGTA. The activity titra­
tion curves are shown for the nonactivated phosphorylase kinase ( A ), 
the ayô complex ( • ), and the yô complex ( • ). 
AilAIlDV % 
FIGURE 7. Effect of divalent metal ions on the activities of nonacti-
vated phosphorylase kinase, otYÔ and complexes. Nonactivated phos-
phorylase kinase (0.88 yg/ml), ay6 (0.69 yg/ml) and yd (0.17 yg/ml) 
were assayed at pH 8.2 in a buffer containing 42 mM Tris, 48 mM sodium 
2+ P-glycerophosphate, 12.5 mM g-mercaptoethanol, 0.1 mM Ca , 6.42 mg/ml 
32 phosphorylase b, 2.74 mM [y- P[ATP and various concentrations of mag­
nesium acetate (closed symbols) or manganese chloride (open symbols). 
A. Phosphorylase kinase. B. ay6. complex. C. yô complex. 
117 
100 
60-> H-
> 
20 a, 
•O 
100 
> H-
> 
I— U 
<C 
100 
>-
T-O 
«a: 
40 30 20 
DIVALENT METAL ION (MM) 
118 
200 
180 
160 
>-
^ 140 
5  
<C 
120 
100 
GLYCOGEN (%) 
FIGURE 8. Effect of glycogen and heparin on the activities of nonacti-
vated phosphorylase kinase, ay6 and yô complexes. The effects of gly­
cogen and heparin on the kinase activities were studied at pH 8.2 and 
pH 6.8, respectively. Assays were done under conditions as depicted 
in Fig. 7 for nonactivated phosphorylase kinase ( • ), the ay6 
complex ( A ), and the y6 complex ( • ), with various concentrations 
of glycogen (A) and heparin (B). 
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FIGURE 9. Effect of 1,2-dlmethoxyethane on the activities of non-
activated kinase, ayô and y6 complexes. The effect of 1,2-dimethoxy­
ethane on the activities of nonactivated phosphorylase kinase (•), 
ayô complex (A), and y6 complex (#) were assayed under similar con­
ditions as depicted in Fig. 6. The % activity at pH 8.2 vs. concentra­
tions of 1,2-dimethoxyethane (%) is shown in A and the pH 6.8/8.2 
activity vs. concentrations of the organic solvent is shown in B. 
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SUMMARY 
Aspects of the molecular interaction and subunit structure of rabbit 
skeletal muscle phosphorylase kinase, (agyô)^, were Investigated. 
Exogenous addition of the ô subunit (calmodulin) stimulated the activities 
of nonactivated phosphorylase kinase and the ay6 complex, but not the 
y6 complex. This stimulatory effect does not seem to affect the activity-
pH profile of the native kinase and is expressed at least partly through 
an interaction of the calmodulin with the a subunit, resulting in an 
increase in the apparent parameters. Low concentrations of trifluo­
perazine had only slight effect on the activities of the three forms of 
kinase whereas high concentrations caused nonspecific inactivation. The 
effects of trifluoperazine and EGTÂ on the activities of the ay6 and yô 
complexes were additive, together, they inactivated the two complexes to 
about 10% of their original activities. 
The 6 subunit remained tightly bound to phosphorylase kinase and 
the ayô complex, even in the presence of 8M urea, but less so with the 
yô complex. The nonactivated kinase is more stable towards heat 
inactivation at 37° than the oy6 complex, whereas the yô complex is 
least stable. Similar to the holoenzyme, limited trypsin digestion 
activated the ay6 complex. The pH 6.8/8.2 activity ratio of this 
complex increased from 0.5 to 0.9, with concomitant degradation of 
the a subunit. In contrast, the yô complex is fairly inert to limited 
proteolysis. Cross-linking of the ayô complex with dimethyl suberimidate 
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indicated that there is a trigonal relationship among the three 
subunits. By using sucrose density gradient ultracentrifugation and 
pretreatment of the complex with EGTA, results indicated that 
2+ the Y subunit may be a Ca -independent kinase which has about 30% 
of the original phosphorylase kinase activity. A possible 
arrangement of the subunits in phosphorylase kinase is proposed. 
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INTRODUCTION 
Phosphorylase h kinase (EC 2.7.1.38) isolated from rabbit skeletal 
muscle is a large and complex protein. It has a molecular weight 
of 1.28 to 1.33 X 10^ (1, 2) and is comprised of four different 
subunits with a stoichiometry of (3-7). The Y subunit has been 
shown to be a catalytic subunit (6-8) and the 6 subunit is identified 
as the calcium binding protein termed calmodulin (5, 9, 10). The 
exact functional roles of the a and 3 subunlts remained to be eluci­
dated, though they have been suggested to play important parts in 
the regulation of enzyme activity (3, 4, 6, 8). The structure and 
topography of the holoenzyme is presently unknown. Electron microscopy 
studies of phosphorylase kinase revealed that this enzyme appears 
O 
to be composed of two large domains (ca. 200 x 70 A) joined by a 
O 
narrow interconnecting bridge (ca. 60 x 40 A) to form an H-shaped 
or butterfly-shaped structure (3). 
It has been reported that phosphorylase kinase requires Ca^^ 
for activity and activation by this divalent cation occurs at concen­
trations thought to exist in contracting muscle (3-4, for review). 
Phosphorylase kinase (agyô monomer) and calmodulin each can bind 
2+ four molecules of Ca (11, 12), suggesting most, if not all, of 
2+ the high affinity binding sites for Ca are located in the 6 subunit. 
Unlike other calmodulin-stimulatable systems, e.g., phosphodiesterase 
and myosin light chain kinase (12), the 6 subunit is not dissociable 
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2+ from the holoenzyme in the presence of the Ca -chelator, EGTA. 
Phosphorylase kinase is inactivated by antibodies raised to rat 
testis calmodulin (13) or to the 6 subunit itself (14). In addition, 
phosphorylase kinase is capable of stimulating the activity of myosin 
light chain kinase (9). It therefore appears that the 6 subunit 
may interact with the other subunits (a, 3, and y) of phosphorylase 
kinase somewhat differently from other calmodulin-stimulatable systems. 
Interestingly, phosphorylase kinase activity can be further stimulated 
through the interaction of a second molecule of calmodulin, or its 
homologs (5, 9, 15), with both the a and 3 subunits (16). 
Two monomeric, low molecular weight, and catalytically active 
forms of phosphorylase kinase, the ayS and y6 complexes, have recently 
been purified from the holoenzyme in our laboratory (6-8), These 
less complicated forms were used to study the functional roles of 
the different subunits and their molecular interactions in the enzyme. 
A possible structure for phosphorylase kinase is also proposed. 
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EXPERIMENTAL PROCEDURES 
Materials 
Trifluoperazine was a gift from Smith, Kline and French Labora­
tories Ltd. Cyanogen bromide-activated Sepharose 4B, trypsin (treated 
with L-l-tosylamido-2-phenylethylchloromethyl ketone), and soybean 
trypsin inhibitor were obtained from Sigma. Dimethyl suberimidate 
was purchased from Pierce Chemical Company. 
Methods : 
Protein préparations 
The 6 subunit, aY6 and yô complexes, phosphorylase kinase, and 
phosphorylase h were prepared as described previously (6, 7). 
Preparation of calm0dulin~Sépharos6 4B 
The coupling of the 6 subunit (1.7 mg) to cyanogen bromide-
activated Sepharose 4B (0.35 g) was carried out essentially according 
to the method of Klee and Krink (17) except that the concentration 
of Ca^^ was 0.5 mM instead of 0.02 jnM. 
Phosphorylase kinase assays 
The activities of phosphorylase kinase, ay6 and yô complexes 
were assayed as described previously (6, 8). 
Polyacrylamide gel electrophoresis 
SDS-polyacrylamide gel electrophoresis was carried out on 5%, 
7.5%, or 10% gels by using the method of Laemmli (18). The following 
molecular weight marker proteins were used: ovalbumin (43,000), 
129 
bovine serum albumin (68,000), phosphorylase h (98,000), g-galactosidase 
(130,000) and myosin (200,000). 
Polyacrylamide gel electrophoresis in the presence of 8 M urea 
was performed according to Ferrie et al. (19). Protein solutions 
containing either 10 mM CaClg, or 10 mM EGTA, were incubated at 
30° for 15 min in the presence of 8 M urea, and then subjected to 
electrophoresis on a 10% gel (containing a 4% stacking gel) in Tris/-
glycine (pH 8.6) buffer containing 8 M urea. 
Cross-linkittg of the aY6 complex with ditiethyl suberimidate 
This was carried out essentially according to Davies and Stark 
(20) in 0.2 M triethanolamine-HCl, pH 8.5. At intervals, aliquots 
were taken and the reaction was quenched with 1% sodium dodecyl 
sulfate in 0.3 M ethanolamine, pH 8.0. After treatment at 100° 
for 2-5 min, the cross-linked samples were subjected to SDS-polyacryl-
amide gel electrophoresis and autoradiography. 
Sucrose dénsity gradient ultracentrifugation 
The yô complex (1.91 yg/ml) was preincubated with either 0.95 
mM CaClg or 2.0 mM EGTA in 50 mM MES, pH 7.0, 0.5 mM dithioerythreitol 
at 0° for 5-10 min. The mixtures (100 yl) were then applied to 
a 5 ml sucrose gradient (5-20%) in 50 mM MES, pH 7.0, 0.5 mM dithio­
erythreitol, 50 yM CaClg and centrifuged in a SW 50.1 rotor at 50,000 
rpm, 3° for 11 h using a Beckman L5-75 ultracentrifuge. At the 
end of the run, fractions (ca. 0.25 ml) were collected from the 
top of the gradient by using a Buchler Densiflow apparatus. 
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RESULTS 
Regulation of phorphorylase kinase activity by calmodûlln 
Although cross-linking studies have indicated that a second 
calmodulin binding site exists in phosphorylase kinase and involves 
both the a and 3 subunits (16), direct evidence for the stimulation 
of activity through the interaction of calmodulin with these two 
subunits is still lacking. In order to provide more information 
about the interactions, we have studied the effect of exogenous 
6 subunlt on the activities of the three forms of phosphorylase 
kinase: the nonactivated form, the aHô and complexes. When 
nonactivated phosphorylase kinase with a specific activity of 7-8 
ymol/min/mg was assayed with exogenous 6 subunlt, its activity was 
stimulated ca. 1.7-fold (Fig. 1). Similarly, the activity of the 
ay6 complex was also stimulated to about the same extent. The apparent 
of both the nonactivated kinase and the ayiS complex for the exoge­
nous 6 subunlt was estimated to be 0.5-1.0 yg/ml (29-58 nM), in 
close agreement with the previously published data (5, 9, 15). The 
Y6 complex, on the other hand, was only slightly affected by the 
exogenous 6 subunlt. The small stimulation appeared variable, depending 
on preparations, and might be due to small amounts of the 5 subunlt 
being dissociated from the y subunit during the final affinity chromato­
graphy step (6, 7), because high concentrations of ATP are known to 
cause partial dissociation of the enzyme (7, 21). These results 
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suggest that a calmodulin-recognition site may exist in the a subunit 
and through which the stimulatory effect of calmodulin could be 
expressed. To further ascertain these findings, affinity chromatog­
raphy on calmodulin-Sepharose 4B was carried out to see if the non-
activated kinase, the ayS and yô complexes could bind to the column 
differentially. The results are summarized in Table I. At high 
2+ Ca (1.0 mM) and low concentration of ^-glycerophosphate (buffer A), 
about 98% of the nonactivated kinase activity remained bound to the 
column, indicating that a tight binding exists for the holoenzyme 
2+ 
and exogenous calmodulin. At lower Ca and higher ^-glycerophosphate 
concentrations (buffer B), about 15% of the bound kinase activity was 
eluted. In the presence of EGTA (buffer C), the rest of the native 
kinase became desorbed from the column. These results are in close 
agreement with those reported recently (16, 22, 23). Sharma et al. 
(23) have also demonstrated that the red muscle isozyme of phosphorylase 
kinase, (o'gyfi)^ could be resolved from the white muscle (a3y6)^ by 
2+ 
using lower Ca conditions similar to buffer B. Under identical 
conditions, about 30% of the ay6 complex did not bind to the column, 
suggesting that the a subunit alone might not account for all the 
binding capacity to calmodulin, other subunit(s) may also play a role. 
Alternatively, the monomeric nature of the oty6 complex may have a lower 
affinity for calmodulin-Sepharose 4B. The 12% activity eluted with 
buffer B and the 60% with buffer C may correspond to the isozymic forms 
of the complex, ay6 and a'y6 (6), respectively. In contrast, approximately 
75% of the yô complex did not bind to the column and only a negligible 
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amount of the activity was eluted with buffer B. Thus, the yô complex 
probably does not contain a second calmodulin-binding site. The 
small amount of the Yô complex which remained bound to the column 
may be due to a slight exchange of the intrinsic 6 subunit with 
the calmodulin in the column or nonspecific adsorption. These results 
confirm the findings that the a subunit indeed plays a vital role 
in the recognition of calmodulin. 
The stimulatory effect of the exogenous 6 (calmodulin) on phos­
phorylase kinase does not seem to depend on pH (Fig. 2), though 
some variations in the extent of stimulation are apparent. The 
presence of exogenous calmodulin abolishes the lag associated with 
the holoenzyme at pH 6.8 (results not shown), similar to heparin 
(8) and other reagents (4). However, the mechanism(s) for the stimula­
tion of phosphorylase kinase by calmodulin may be quite different from 
those expressed through phosphorylation or dissociation, because 
the pH-activity profiles are dissimilar (4, 6). To further understand 
the action of exogenous calmodulin, kinetic studies with the holoenzyme 
and the aY6 complex were made. No effect on the affinity for phos­
phorylase h and ATP was apparent (Table II). The apparent values 
obtained are in close agreement with those reported previously (4, 8, 24). 
The apparent of both forms of kinases was increased more vividly. 
Substitution of phosphorylase h with its NH2-terminus tetradecapeptide 
or a pentadecapeptide of the glycogen synthase (25) in the assays 
did not affect the conclusion, indicating that the effect of calmodulin 
on phosphorylase kinase is specific and not due to a calmodulin-
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phosphorylase b  complex formation. 
Effect of trifluoperazine on the activities of phosphorylàse kinase, 
gyd and ytS complexes 
Trifluoperazine is known to inhibit calmodulin-activated enzymes 
2+ 
even in the presence of Ca , probably through binding to the hydro­
phobic sites of the protein (12). This drug had only negligible 
effect on the activities of the nonactivated kinase, the ayô and y6 
complexes when the concentration was below 25 yM (Fig. 3). At higher 
concentrations, however, inactivation of the enzymes occurred, probably 
due to a nonspecific mechanism because the inactivation patterns were 
very similar in all of the three cases. Even at the highest concen­
tration of trifluoperazine (500 yM), only 50% of the original activities 
were inhibited. The effects of trifluoperazine and EGTA on the 
ay6 and y6 complexes are additive. In the presence of 0.67 iriM EGTA, 
it has been reported that both the ayô and y6 complexes still retain 
about 30% of their original activity (6-8). When these residual 
activities were assayed with the addition of trifluoperazine, further 
inactivation occurred (Fig. 4A). Again, only 50-60% inhibition 
was observed even at 250 yM trifluoperazine. Conversely, when the 
2+ 
ay6 and yô complexes were titrated for Ca -sensitivity by using 
2+ 
EGTA in assays containing 500 yM trifluoperazine and 0.1 mM Ca , 
characteristic sharp transitions (8) were observed (Fig. 4B) with 
2+ the yd complex showing a lower requirement of Ca activity. It 
is interesting that even at high concentrations of EGTA (0.67 mM) 
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and trifluoperazine (500pM), both the «yô and yô complexes still 
have ca. 10% of their activities. 
Gel electrophotesis of phosphorylase kinase, ayfi and y6 complexes 
in the presence of 8M urea 
The interaction of the S subunit with the other subunits in 
nonactivated phosphorylase kinase, ay6 and yô complexes was investigated 
by using gel electrophoresis in the presence of 8M urea. In the 
2+ 
absence of Ca , the 6 subunit became dissociated from phosphorylase 
kinase (Fig. 5). "owever, when phosphorylase kinase was first incubated 
2+ 
with Ca and 8M urea, only trace amount of the 6 subunit was visible, 
similar to the results of Shenolikar et al. (5). Almost Identical 
observations were made for the phosphorylated form of phosphorylase 
kinase (ca. 1.6 mol phosphate/mol agyG), indicating that phosphorylation 
of the a and g subunits has very little effect on the interaction 
with the 6 subunit. The S subunit also remained tightly bound to 
2+ the ayS complex in the presence of Ca and 8M urea (Fig. 5). With 
the yS complex, however, the difference in intensity of the stained S 
2_|_ bands (judged "by eye") was not so obvious, regardless of Ca -
treatment. This suggests that the interaction of the 6 subunit 
with the y subunit alone may not be as tight as compared to the 
ayô complex or the holoenzyme. The intensities of the 6 bands electro-
2+ phoresed with or without Ca in the presence of 8M urea were approxi­
mately the same. Furthermore, addition of phosphorylase b to the Ô 
subunit prior to electrophoresis did not affect the migration of 
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this subunit (not shown), indicating that the interaction of the ô 
subunit with the other subunits of phosphorylase kinase is specific. 
Heat stability of phosphorylase kinase, ayd and y6 complexes 
The influence of the different molecular structures on the stability 
of kinase activity was also investigated by heat treatment at 37°. 
Within 5 min. of incubation, the activity of the yô complex was reduced 
90% (Fig. 6). In contrast, the activities of the ayS complex and non-
activated phosphorylase kinase were only lowered ca. 70% and 25%, 
respectively. Thus, the holoenzyme, with a structure of (a3Y<S)^, is 
more stable than the aYÔ complex or the y6 species, suggesting that 
higher order of molecular architecture may be necessary for the 
stability of the kinase. Addition of exogenous 6 subunit to phosphoryl­
ase kinase stimulated the enzyme activity but decreased the heat 
stability of the enzyme (Fig. 6). This destabilizing effect may be 
due to the binding of the exogenous 6 subunit to the a (and 3) subunits 
which causes a conformational change of the enzyme to a form that is 
more sensitive to heat. In contrast, very little effect was observed 
for the ayô or the y6 complex under heat treatment in the presence of 
calmodulin. 
Effect of limited trypsin digestion on kinase activities 
Limited trypsin digestion of the ayS complex, unlike autophosphoryl-
ation or phosphorylation of the complex by cAMP-dependent kinase (8), 
activated the enzyme activity at pH 6.8 but only very slightly at pH 8.2. 
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A final pH 6.8/8.2 activity ratio close to 0.85-0.9 was attained 
(Fig. 7A). Analysis of the trypsin-digested products by using SDS-
polyacrylamide gel electrophoresis revealed that most of the a subunit 
in the complex was degraded (Fig. 7B), suggesting that the presence 
of the a subunit probably exerts a physical constraint on the expression 
of activity through the y subunit. Removal of the a subunit by 
proteolysis, but not via phosphorylation (8), therefore, enhances the 
kinase activity. With the holoenzyme, results obtained were almost 
identical to those published previously (1, 26). The pH 6.8/8.2 
activity ratio was increased from 0.07 to 0.72 (Fig. 7A) with substan­
tial degradation of the a and 3 subunits (Fig. 7B). It should be 
noted, however, that there was a rather visible difference between 
the proteolytic patterns of the holoenzyme and the ayô complex. 
More degradation products were observed for the ay6 complex, suggesting 
that the surface topography of this complex may be different from 
that of the holoenzyme. Alternatively, it may be due to some regions 
of the subunits, which are normally in contact with one another 
or with the 3 subunit(s) in the holoenzyme, become more unveiled 
and therefore more susceptible to proteolysis. The significance 
of these phenomena remain to be determined. Degradation of the 
a subunit generates major products with mol. wts. of ca. 129,000 
and 85,000. Although it is not known whether the proteolysis of 
the a or 3 subunits is responsible for the intial activation of phos-
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phorylase kinase, the present study indicates that degradation of 
both subunits is necessary for the enzyme to achieve its optimal 
activity at physiological pH. In separate experiments, it was found 
that the y6 complex was still fairly resistant to limited proteolysis. 
Cross-linking studies on the ay6  complex 
In order to understand the molecular basis of the intermediate 
pH 6.8/8.2 activity ratio (6, 8), heat stability and requirements 
2+ 
of Ca for the ayô complex, the mode of interaction of the three 
subunits was studied by cross-linking with dimethyl suberimidate. 
Four new protein bands with M^'s of approximately 58000, 165000, 
186000, and 214000 were observed (Fig. 8A), probably corresponding 
to the cross-linked species of yS, aô, ay, and aK&, respectively. 
Interaction between the a subunit and the y or 6 subunit also exist 
32 in a P-labelled ay6 complex (8). Radioactive bands with M^'s 
of ca. 159000 and 182000 were eminent after cross-linking, though 
the a subunit band was missing (Fig. 8B). Highly radioactive materials 
were found in the stacking gel. It is possible that the phosphorylated 
ayS complex could be cross-linked more rapidly and extensively than 
the nonphosphbrylated complex under identical conditions. Both 
forms of the oy6 complex became inactivated during the cross-linking 
reaction and no attempt was made to correlate activity with the cross-
linking among the different subunits. Nevertheless, our results 
indicate that there is a trigonal relationship among the three subunits 
in the ay6 complex. 
138 
2+ 
Evldence for the y àubunlt being a Ca -Indépendent kinase 
Dissociation of the yô complex was investigated by using sucrose 
density gradient ultracentrifugation. After initial treatment of 
2+ the complex with EGTA, a 4.2S peak with Ca -independent phosphorylase 
kinase activity was observed in the gradient (Fig. 9k ) .  Approximately 
one-third of the applied activity was recovered throughout the peak 
2+ fractions, regardless of the presence of Ca in the assays. Upon 
2+ 
exogenous addition of the 6 subunit and Ca , however, most of the 
original activity was regained, indicating that this form of kinase 
2+ is still partially Ca calmodulin-dependent. No apparent dissociation 
2+ 
of the yô complex was observed when Ca was present throughout 
the entire experiments (Fig. 9B). In contrast to the results of 
Fig. 9A, EGTA caused about 70% inhibition of the enzyme activity 
2+ 
and exogenous addition of the 5 subunit and Ca was of no effect, 
similar to the observations reported previously (8). Both activity 
peaks (Fig. 9A, 9B) had similar ^ values suggesting that the 
yô complex may be more assymmetric in shape than the y subunit itself, 
as reported previously (6). A difference of one fraction was seen, 
however, between the two activity peaks upon prolonged ultracentrifuga­
tion (13-14 h), with the y6 complex leading. Preliminary studies 
on the ay6 complex indicated that under identical conditions, no 
activity peaks with 4-5 S values were observed. Minor peaks corre­
sponding to ca. 7S and 9S were apparent. These results suggest 
that Interactions among the three subunits in the ayô complex may 
be more elaborate and complicated. 
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DISCUSSION 
It is currently believed that rabbit skeletal muscle phosphorylase 
kinase is comprised of four different subunits with a stoichiometry 
of (a3yô)^ (I, 3-9). The "y subunit has been demonstrated as a catalytic 
subunit (6-8) whereas the 6 subunit is identified as calmodulin 
(5, 9, 10). The activities of both the nonactivated kinase and 
the ay6 complex, are stimulated by exogenous calmodulin through 
interaction with the a subunit (Fig. 1, and Table I). Maximal binding 
to calmodulin, however, may require a simultaneous presence of the 
a and g subunits or a hexadecameric form of the holoenzyme. Phosphoryl­
ase kinase binds just one additional molecule of calmodulin per 
agy6 unit (16), and the isozymes (agyô)^ and (o'gyô)^ have differential 
responses to the stimulatory effect of calmodulin (23). Thus, the 
a subunit of phosphorylase kinase may play a more vital role than 
the 8 subunit in the recognition of calmodulin, or its homologs 
(15). The stimulation of the kinase activity by calmodulin is apparently 
through an increase in the apparent values because the affinities 
for the substrates were not affected (Table II). Although various 
folds of stimulation of the kinase activity had been reported (5, 
9, 15, 22), it is important to point out that the final specific 
activities of the enzyme are approximately the same. Different 
stimulation values may be due to the nature of the enzyme used or 
2+ the concentration of Ca in the assays. Throughout our studies, 
2+ 
close to saturating levels of Ca (0.1 mM) were present. 
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The integral 6 subunit appears to interact with the other subunits 
of phosphorylase kinase in a unique and different manner, as compared 
to other calmodulin-enzyme systems (12). The effect of trifluoperazine 
may be mainly on the catalytic y subunit (Fig. 3, 4). Presumably 
some of the hydrophobic binding sites for trifluoperazine on the 
6 subunit (calmodulin) may be partially shielded through interaction 
with the y (and a) subunits. In comparison, either trifluoperazine, 
troponin I, or calcineurin, has been shown to prevent the stimulatory 
effect of calmodulin or phosphorylase kinase but has little or no 
effect on its intrinsic calcium-dependent activity (5, 27, and Fig. 3). 
It is interesting that the yô complex still has a less stringent 
2+ 
requirement of Ca for activity than the ay6 complex (8) even in 
the presence of trifluoperazine (Fig. 4B). Therefore, it is conceivable 
2+ that the y6 complex may require two molecules of Ca for activity, 
similar to that suggested for the trypsin-activated phosphorylase 
kinase (15). In addition, this may account for the 10.6 or 7.1 
2+ high affinity Ca -binding sites in the holoenzyme at low and high 
ionic strengths, respecively (11). 
The effect of the a subunit on the catalytic properties of the 
ayô complex (and possibly the holoenzyme) is probably due to a trigonal 
relationship among the three subunits because the a subunit could 
be cross-linked to the y and 6 subunits by using dimethyl suberimide 
(Fig. 8). Thus, the a subunit, besides playing an important role 
in the recognition of calmodulin, may also function in monitoring 
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2+ 
Ca -levels (Fig. 3 and 4), stabilizing the binding of the intrinsic 
6 subunit towards urea denaturation (Fig. 5), conferring a more 
inert structure for the complex towards heat inactivation (Fig. 
6), and controlling the kinase activity at physiological pH' s because 
degradation of this subunit is required for the activation of the 
enzyme (Fig. 7). Phosphorylation of the a subunit does not affect 
the enzyme activity of the ay6 complex (8) nor appear to reduce 
the interaction with the 6 subunit in the holoenzyme. The exact 
function for the covalent modification of this subunit in phosphorylase 
kinase is presently unclear, especially because the "second-site 
hypothesis (28) has very recently been challenged (29). 
2+ 
By itself, the y subunit may be a Ca -independent (5, 8, and 
Fig. 9) and cyclic nucleotide-independent (3, 4) kinase which accounts 
for approximately 30% of the phosphorylase kinase activity. Maximal 
activity could be attained only in the simultaneous presence of 
2+ 
the 5 subunit and Ca because the 5 subunit alone is incapable 
of reversing inhibition by EGTA (8). Although the y6 complex is 
less sensitive to trifluoperazine, the ability to dissociate the 
2+ 
complex through chelation of Ca suggests that this divalent metal 
ion is required for the interaction of the y and the 6 subunits. 
The mode of interaction between the 6 subunit and the y subunit, 
or the a subunit, or both, is not known. In addition, whether the 
y subunit has a broader substrate specificity or has any relationship 
2+ 
with other Ca -independent kinases is still an enigma. Studies 
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on these aspects are in progress in our laboratory. 
Based on our current knowledge and data from electron microscopy 
studies (3), it seems likely that rabbit skeletal muscle phosphorylase 
kinase may have a subunit arrangement similar to that shown in Fig. 
10. We believe this working hypothesis could account for most of 
the observations made for the enzyme. For instance; 1. The Stokes 
radii of the ayS, y6, and 6 species (6, 12) appear to fit into the 
parameters obtained by using electron microscopy. 2. There is 
a trigonal relationship among the a, y, and 6 subunit (this report) 
and a binary interaction between the y and the 6 subunits as shown 
by cross-linking experiments (16 and this report). Further, active 
otyô and yô complexes have been isolated (6—8). 3. Phosphorylase kinase 
can be inactivated by antibodies raised to rat calmodulin (13) or 
to the (S subunit itself (14), and the native enzyme has been shown 
to stimulate the activity of myosin light chain kinase (9). These 
results suggest that at least part of the 6 subunit must be exposed. 
4. Preliminary studies in our laboratory indicated that the 6 subunit 
can be cross-linked to each other by using dimethyl adipiimidate^. This 
observation could also be seen in the experiments of Picton et al. 
(16) except that they did not point this out. 5. The little or 
trace amount of phosphorylase kinase at physiological pH or in the 
2+ 
absence of Ca may be due to the y subunit being located in the 
interior of the enzyme. This restricts the accessibility of phosphorylase 
b to the catalytic center and results in an increase in the apparent 
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2— Revalues (4, 8, 24). The other substrate, MgATP , may be small 
enough for diffusion and therefore very little change in affinity 
was observed (4, 8, 24). 6. The a (and 3) subunits could bind 
2+ 
a second molecule of calmodulin in the presence of Ca (16, 23, 
and this report), indicating that at least part of these subunits 
must be exposed and accessible. 7. The suggestion that both of 
the a and g subunits are on the exterior region of phosphorylase 
kinase is also supported by their susceptibility to proteolysis 
(3, 4 and this report), phosphorylation (3, 4, 8), and differential 
stimulation of the holoenzyme, the ay5 complex, and the yô 
complex, to glycogen and heparin (8, 24). 8. Both the ay6 and yd 
complexes exist as monomers (6), possibly because interactions between 
g subunits are absent. 9. Limited tryptic digestion of the g and 
a subunits facilitates the dissociation of phosphorylase kinase 
by ATP to active and low molecular weight species (21). 10. Although 
the exact functional roles for the 3 subunit are not definitively 
clear, modification of this subunit appears to activate the enzyme. 
This may be achieved through phosphorylation, binding to calmodulin 
or heparin, proteolytic digestion, or possibly dissociation of the 
holoenzyme into the ayS complex. Therefore, it is possible that 
at least part of the 6 subunit is in juxtaposition to the active 
site located in the Y subunit. Modification of the 3 subunit thus 
results in an increase in accessibility to the substrates. 
Further,studies to test this model are being pursued in our 
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laboratory. Because phosphorylase kinase has a frictional ratio 
of 1.17 (2), it seems likely that the four monomers (agyô) 
may be organized in a tetrahedral manner. Of course, the exact 
structure and topography of the enzyme must await X-ray crystallog­
raphy or detailed electron microscopy studies. 
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FOOTNOTES 
^The abbreviations used are; EGTA, ethylene glycol bis(3-amino-
ethylether)-N,N'-tetraacetic acid; cAMP, cyclic adenosine 3',5'-
monophosphate; SDS, sodium dodecyl sulfate; MES, 2-(N-morpholino)-
ethanesulfonic acid; tetradecapeptide, SerAspGlnGluLysArgLysGlnlle-
S erValArgGlyLeu; pentadecapeptide, ProLeuSerArgThrLeuSerValSerSerLeu-
ProGlyLeuGlu. 
2 
^Theresa Bross and Donald J. Graves (unpublished results). 
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TABLE I 
Affinity chromatography of PhK, ay6 and yg complexes on 
calmodulln-Sepharose 4B 
Calcium 
Phosphorylase kinase activity 
eluted (%) 
Buffers ion PhK aV6 
A + 2 28 75 
B + 15 12 2 
C - 83 60 23 
a 
Buffer A: 10 mM ^-glycerophosphate, pH 7.0, 0.4 mM EDTA, 6 mM 3-nier-
captoethanol, 5.0 mM Ng(CHgC00)2, 1.0 mM CaClg. 
Buffer B; 50 mM g-glycerophosphate, pH 7.0, 2.0 mM EDTA, 30 mM g-mer-
captoethanol, 5.0 mM MgCCHgCOO)^, 0.5 mM CaClg. 
Buffer C; 50 mM g-glycerophosphate, pH 7.0, 2.0 mM EDTA, 30 mM g-mer-
captoethanol, 2.0 mM EGTA. 
0.1 ml to 0.2 ml of phosphorylase kinase (163 yg/ml), or ayS (133 
yg/ml), or yS (21 yg/ml) in buffer A were applied to a 6 subunit-
Sepharose 4B column (4 x 0.6 cm) which was then washed successively 
with 5 ml of buffers A, B, C. Fractions were assayed for phos­
phorylase kinase activity. The recovery of enzyme activity from 
each column was 70-98%. 
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TABLE II 
Effect Of exogenous 6 subunit (calmodulin) on the apparent kinetic 
parameters of noiiactlvated phosphùrylase kinase (PhK) and thé ayô complex 
Reaction phosphorylafie b ATP 
K. \ \ \ 
(m) (ymol/min/mg) (mM) (ùmol/min/mg) 
PhK 0.25 16.3 0.22 9.3 
0.11 10.8 0.50 8.4 
PhK + 6 0.22 20.0 0.25 14.7 
ayë + 6 0.11 21.0 0.45 13.3 
Assays were done essentially as described in EXPERIMENTAL PROCEDURES 
except that 6 subunit (25 yg/ml) was included, wherever indicated. 
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FIGURE 1. Effect of exogenous 6 subunit (calmodulin) on the activities 
of phosphorylase kinase, ayô and y6 complexes. 
Nonactivated phosphorylase kinase (0.88 yg/ml) was assayed 
at pH 8.2 in a buffer containing 42 mM Tris, 48 nM sodium 
e-glycerophosphate, 12.5 mM 0-mercaptoethanol, 0.1 mM Ca^"^, 
10 mM Mg^"*", 6.42 mg/ml phosphorylase b, 2.74 mM [Y-^^PjATP 
and various concentrations of 6 subunit. The % activities 
are plotted for phosphorylase kinase (•), the ayô complex 
(A), and the yS complex (•). 
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FIGURE 2. Effect of calmodulin on the actlvlty-pH profile of 
phosphorylase kinase. 
Nonactivated phosphorylase kinase was assayed under 
conditions as depicted In Fig. 1 except at various pH's 
In the presence (•) or absence (O) of exogenous 6 subunlt 
(25 yg/ml). 
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FIGURE 3. Effect of trifluoperazine on the activities of nonactivated 
phosphorylase kinase, aY6 and YÔ complexes. The activities 
of the nonactivated kinase (•), the ay6 complex (A), and 
the YÔ complex (o) were assayed at pH 8.2 under conditions 
as depicted in Fig. 1 except various concentrations of 
trifluoperazine were present. 
FIGURE 4. A. Effect.of trifluoperazine on the activities of the 
ayô and yd complexes in the presence of 0.67 isM EGTA. 
Assays were carried out with various concentrations 
of trifluoperazine at pH 8.2 as depicted in Fig. 3 
for the ayô complex (A) and the yô complex (•) except 
that 0,67 mM EGTA were included in all cases. 
B. Effect of EGTA on the activities of ayô and yô complexes 
in the presence of 500 yM trifluoperazine. Assays 
were carried out at pH 8.2 under conditions as depicted 
in Fig. 3 except that 500 yM trifluoperazine was present. 
The activities of the ayô complex (A) and the y6 complex 
(•) were plotted against various concentrations of 
exogenous EGTA added to the assays. 
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FIGURE 5. Interaction of the 6 subunit with nonactivated phosphorylase 
kinase, ay6 and Y6 complexes in the presence of 8 M urea. 
The experiments were carried out as described in EXPERIMENTAL 
PROCEDURES. Electrophoretic patterns of the 6 subunit 
in 8M urea are shown for nonactivated phosphorylase kinase 
pretreated with Ca^"*" (A), or EGTA (B) ; the oyg complex 
2+ 
pretreated with Ca (C), or EGTA (D); the complex pretreated 
2+ 
with Ca (E), or EGTA (F); purified 6 subunit pretreated 
2+ 
with Ca (G), or EGTA (H), and activated phosphorylase 
2+ kinase pretreated with Ca (I), or EGTA (J). 
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FIGURE 6. Heat stability of phosphorylase kinase, ayô and y5 complexes 
at 37*. Incubation of the enzymes with (open symbols) 
•or without (closed symbols) exogenous 6 subunit were carried 
out at 37°. At intervals, aliquots were withdrawn and 
the activities of nonactivated phosphorylase kinase (squares), 
at6 complex (triangles), and Y6 complex (circles), were 
assayed as described in EXPERIMENTAL PROCEDURES. 
FIGURE 7. A. Effect of limited trypsin digestion on the activities 
of phosphorylase kinase, a"yô and complexes. Phos-
phorylase kinase (0.273 mg/ml), the complex (54.5 
yg/ml), and the y6 complex (15.2 yg/ml) were incubated 
separately at 30° with trypsin at a ratio (w/w) of 
5000:1 in buffers containing 44 mM ^-glycerophosphate, 
pH 6.8, and 28 mM g-mercaptoethanol. At intervals, 
aliquots were taken and 5-fold excess of soybean trypsin 
inhibitor were added, then the activities of phosphorylase 
kinase (•), the ayô complex (A), and the yô complex 
(•) were assayed at pH 6.8 and 8.2 as described in , 
EXPERIMENTAL PROCEDURES. 
B. Gel electrophoresis of the limited trypsin digested 
phosphorylase kinase and ayfi complex in the presence 
of SDS. Phosphorylase kinase and ayS complex were 
treated with trypsin as depicted in Fig. 7A. At intervals 
aliquots were withdrawn, made 1% in SDS, and then analyzed 
on a 10% gel as described in EXPERIMENTAL PROCEDURES. 
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FIGURE 8. Cross-linking of the ay6 complex with dimethyl suberimidate. 
A. The ayS complex (0.22 mg/ml) was cross-linked with 
dimethyl suberimidate (3.0 mg/ml) for 15 min and analyzed 
on a 8% SDS gel as described in EXPERIMENTAL PROCEDURES. 
B. The ay6 complex was first labelled with ^^P through 
autophosphorylation (8) and then cross-linked for 15 
min as depicted in Fig. 8A. The electrophoretic pattern 
of the autophosphorylated ayS complex (lane 1) and 
the cross-linked species (lane 2) are shown. Lane 
3 and 4 are autoradiograms of Lane I and 2, respectively. 
FIGURE 9. Sucrose density gradient ultracentrifugation of the yg 
2+ 
complex pretreated with Ca or EGTA. The yô complex was 
first adjusted to 1.90 mM in ECTA (A) or 0.95 nM in Ca^^ 
(B) and then subjected to sucrose density gradient (5-20%) 
ultracentrifugation at 50000 rpm, 2°, for 11 h. Fractions 
of ca. 0.26 ml were collected from the top of the gradient 
2+ 
and assayed at pH 8.2 in the presence of 0.1 mM Ca (#), 
2+ 
or 0.1 mM Ca plus 25 yg/ml exogenous 6 subunit (o), or 
1.0 nM EGTA (i). 
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FIGUEŒ 10, Proposed structure of rabbit skeletal muscle phosphorylase 
kinase. 
The arrangement of the four different subunits in phos­
phorylase kinase is shown. Also indicated are the proposed 
regions for the catalytic site (C.S.) for phosphorylase b 
conversion and the binding site for calmodulin (CaM), 
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SUMMARY 
A synthetic pentadecapeptide, ProLeu^Ser^Arg^Thr^LeugSeryValg 
SergSer^^gLeu^^Pro^gGly^gLeu^^^GlUj^g, corresponding to the phosphorylatable 
site at the NH^-terminus of glycogen synthase, could be phosphorylated 
stoichiometrically at seryl residue 7 by both phosphorylase kinase 
and cAMP-dependent protein kinase. Phosphorylation of seryl residue 
3 also occurred after prolonged incubation with cAMP-dependent protein 
2+ kinase. Similar pH dependence, requirement for Ca , and stimulation 
by calmodulin were seen in the phosphorylase kinase reaction with 
either the pentadecapeptide or phosphorylase as substrate. Kinetic 
studies show that the pentadecapeptide is a better substrate for phos­
phorylase kinase. By using a tetradecapeptide and an N-acetylated 
octadecapeptide, both of i^ich correspond to the phosphorylatable site 
at the NHg-terminus of phosphorylase, higher apparent values could 
be obtained for both kinases whereas the apparent values only 
increased slightly. With synthetic peptide analogs of the pentadeca­
peptide in the phosphorylase kinase reaction, results indicate that 
the PrOj^2^^yi3^®"i4 region may be important for phosphorylation, and 
an arginyl residue, Argg, on the COOH-end of the phosphorylatable seryl 
residue is preferred. Substitution of the Arg^ by Lys^ converted the 
peptide into a poorer substrate. A peptide with the sequence LeuSer-
TyrArgGlyTyrSerLeu could be phosphorylated at both seryl residues by 
phosphorylase kinase. Similar multisite phosphorylation was observed 
with a peptide containing a palindromic sequence LeùSerTyrArgArgTyrSerLeu, 
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but its analogs synthesized with D-amino acids or the porcine pyruvate 
kinase peptide, LeuArgArgAlaSerLeuGly, are competitive inhibitors. The 
apo- and pyridoxal vinyl phosphonate-reconstituted forms of phosphorylase, 
like the native enzyme, were good substrates for phosphorylase kinase 
but not for cAMP-dependent protein kinase. 
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INTRODUCTION 
Protein phosphorylation is well recognized as an important control 
mechanism in biological systems (1-4). A number of phosphotransferases 
have been identified, and considerable literature exists on the studies 
of phosphorylase kinase (E.G. 2.7.1.38) and cAMP^-dependent protein 
kinase (E.C. 2.7.1.37)(1-4). 
At least two aspects are essential for phosphorylation. First, 
the phosphorylatable site must be accessible to the enzyme, and second, 
the phosphorylatable region must contain structural and chemical elements 
for the formation and reaction of the enzyme-substrate complex. The 
molecular basis of the substrate specificity for phosphorylase kinase 
and cAMP-dependent protein kinase has been extensively studied by the use 
of synthetic peptide analogs corresponding to the phosphorylatable 
regions of the native proteins (5-9). It is believed that particular 
residues in these fragments act as specific determinants (primary spec­
ificity) for phosphorylation. Thus, phosphorylase kinase prefers 
an arginyl residue on the COOH-terminal side of the phosphorylatable 
hydroxyamino acid xAxereas cAMP-dependent protein kinase prefers multiple 
arginyl residues on the NH2-terminal side (6, 7). However, other studies 
have demonstrated that several residues surrounding the phosphorylatable 
seryl residue are also important for phosphorylase kinase recognition 
(8) and that the presence of multiple arginines per se is insufficient 
to ensure optimal rates of phosphorylation by cAMP-dependent protein 
kinase (9). On the basis of theoretical proposals (10), Graves et al. 
169 
(11) suggested that differences in specificity between these two kinases 
might depend on the recognition of different sides of a 3-turn. NMR 
studies also indicated that c/MP-dependent protein kinase prefers peptide 
substrates with either g-turh or g-coil conformation (12). 
It has been found that skeletal muscle glycogen synthase (E.G. 
2.4.1.11) can be phosphorylated readily by phosphorylase kinase (13-16) 
32 
and up to 0.6 mol P/synthase subunit can be incorporated. As with 
phosphorylase (E.G. 2.4.1.1), the phosphorylatable site is at the 
terminus of the protein, and sequence analysis shows that seryl residue 
7 is the site of phosphorylation (17, 18) but no arginyl residue is 
found on the OOOH-terminal side of the phosphorylatable serine. Glycogen 
synthase also is known to be a good substrate for cAMP-dependent protein 
kinase (1, 2, 4). Yet no report has demonstrated that seryl residue 
7 is phosphorylated by this enzyme, although the possibility has been 
suggested (15). Similarly, seryl residue 14, the site of phosphorylation 
in phosphorylase, has been shown to be a substrate only for phosphorylase 
kinase. Synthetic peptide analogs of the phosphorylatable site of 
phosphorylase, however, can be phosphorylated by both kinases (6, 7). 
Thus, it appears that the microenvironment and the three-dimensional 
structure of the phosphorylatable region (secondary specificity) may 
also play an important role. 
To gain further insight into the functional role of phosphorylase 
kinase and its substrate specificity, synthetic peptides and substrates, 
in particular, those corresponding to the phosphorylatable regions 
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of glycogen synthase and phosphorylase, were made and kinetic studies 
were carried out to compare with those of cAMP-dependent protein kinase, 
wherever possible. 
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EXPERIMENTAL PROCEDURES 
Materials 
32 [y- P]ArP was prepared essentially according to (19). Boc-
amino acids were purchased from Peninsula. Trypsin (treated with L-
l-tosylainido-2-phenylethylchloromethyl ketone) , thermolysin and chymo-
trypsin were products of Sigma. Other materials were of reagent grade 
and available commercially. 
Methods ; 
Protein preparations 
Phosphorylase kinase and its 6 subunit (calmodulin), phosphorylase, 
and the catalytic subunit of cAMP-dependent protein kinase were prepared 
as described previously (20, 21) through standard procedures. The 
apo- form of phosphorylase was prepared essentially by the method of 
Shaltiel et al. (22) and reconstituted with pyridoxal vinyl phosphonate. 
Peptide synthesis and purification 
A pentadecapeptide of the glycogen synthase sequence was synthesized 
on a Beckman Model 990 automated peptide synthesizer by using the solid-
phase method of Merrifield (23) and was cleaved from resin with HBr/TFA 
to avoid side reactions (24) due to glutamic acid being the OOOH-terminal 
residue of the peptide (25). The pentadecapeptide was then deprotected 
with boron-Tris (trifluoroacetate)(26), and purified by using gel filtra­
tion or high pressure liquid chromatography. The purity of the peptide 
was determined by high-voltage paper electrophoresis at pH 6.5 by 
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using 10% pyridine - 0.5% acetic acid buffer, and by amino acid analysis 
on a Durrum D-400 amino acid analyzer. Other peptide analogs were 
synthesized and purified essentially as described above. The tetradeca-
peptide and the N-acetylated octadecapeptide of the phosphorylase sequence 
were synthesized and purified previously in our laboratory (7, 27). 
Assays of enzyme activity 
Standard assays of phosphorylase kinase activity comprised 50 
mM Tris, 50 mM 3-glycerophosphate (pH 8.2 or 6.8), 8 mM MgAc^, 3 mM 
OO 
[y- PJATP, 0.1 mM CaClg, various concentrations of peptide substrates 
and enzyme (vide infra). With the catalytic subunit of cAMP-dependent 
protein kinase, reactions were carried out at pH 6.8 in reaction mixtures 
just described except that 0.5 mM ECTA was included. Concentrations 
of peptides were determined by amino acid analysis. 
32 
The rates of P incorporation into peptides were assayed either 
by using phosphocellulose P81 paper, or Whatman ET31 paper, or by using 
AG 1 X 8 anion-exchange chromatography (7, 28). 
Determination of site of phosphorylation of the pentadecapeptide 
32 
The phosphorylated P-pentadecapeptide was isolated by using 
AG 1 X 8 anion-exchange chromatography, lyophilized, and desalted on 
a BioGel P-2 column. Thermolysin digestion of this peptide was carried 
out in 0.2 M pyridine - 0,1 mM CaClg at an enzyme-to-substrate ratio 
32 
of 1:27 (w/w). The P-fragment was then purified by DE-52 cellulose 
chromatography using a linear gradient of 10 mM to 200 mM NH^HCO^. 
32 
The purity of the P-fragment was determined by two-dimensional peptide 
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mapping and autoradiography. Dansylatlon of peptides was done essentially 
as described by Hartley (29) and identified by two-dimensional thin-
layer chromatography using polyamide sheets in solvent 1:1.5% formic 
acid, and solvent 2:10% acetic acid in benzene (v/v). 
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RESULTS 
Phosphorylation of the pentadecapeptide from glycogen synthase 
When the synthetic pentadecapeptide of skeletal muscle glycogen 
synthase, Pro^LeUgSergArg^ThrgLeUgSeryValgSergSer^QLeu^^Pro^gGly^g-
Leu^^Glu^g, was tested as substrate for phosphorylase kinase, reaction 
characteristics similar to those found with phosphorylase or a tetradeca­
peptide of the phosphorylatable site of phosphorylase, SerAspGlnGlu-
LysArgLysGlnlleSerValArgGlyLeu (30), were obtained (Table I). These 
include a lag in product formation at pH 6,8 which is abolished by 
preincubation with the peptide, an activity ratio (pH 6.8/8.2) of 0.05 
for the initial phase of the reaction, and an absolute requirement 
2+ 
of Ca for activity. Addition of exogenous 6 subunit (calmodulin) 
of phosphorylase kinase into the reaction mixture stimulated the rate 
of phosphorylation of this peptide about 1.6-fold, similar to the findings 
for the phosphorylation of phosphorylase and synthase (14-16, 21, 31). 
Analogous stimulations were obtained with the tetradecapeptide as substrate 
and the active y6 complex purified from phosphorylase kinase (20, 21) 
also could phosphorylate the pentadecapeptide readily (results not 
shown). These observations suggest that the same catalytic 
site is involved in the covalent modification of both glycogen phos­
phorylase and synthase, as previously proposed (14, 15). 
Unlike native glycogen synthase (14) , the synthetic pentadecapeptide 
could be phosphorylated stoichlometrically by both phosphorylase kinase 
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and cAMP-dependent protein kinase (Fig. 1). Upon prolonged incubation 
32 (12 h), 1.2 to 1.6 mol P could be incorporated into the pentadecapep-
tide by cAMP-dependent protein kinase, whereas the extent of phosphory­
lation remained unchanged for the phosphorylase kinase reaction. 
Site of phosphorylation df the peritadecapeptl'de 
The site of phosphorylation of the pentadecapeptide was determined 
by thermolysin digestion of the phosphorylated peptide. Peptide mapping 
32 
and autoradiography of the purified P-peptide digest indicated that 
both kinases phosphorylated the same site (Fig. 2). Amino acid analysis 
32 
showed that the common P-thermolysin peptide contained only leucine 
and serine. Subsequent dansylation of this fragment and thin-layer 
chromatography (29) showed that leucine is at the NH^-terminus. According 
to the specificity of thermolysin cleavage, we conclude that the seryl 
residue 7 in the pentadecapeptide is the site of phosphorylation, which 
is identical with that found in the native protein (17, 18). Amino 
acid analysis of the second phosphorylated peptide obtained only with 
cAMP-dependent protein kinase showed equivalent molar amounts of proline, 
leucine, serine, threonine, and arginine. To determine whether seryl 
residue 3 or threonyl residue 5 was the site of phosphorylation, the 
32 P-pentadecapeptide was treated with trypsin, and the digest was analyzed 
by high-voltage electrophoresis at pH 6.5 and autoradiography. The 
radioactive peptide migrated as a slightly positively-charged species 
and reacted with the arginine reagent, phenanthrenequinone (32). Because 
of these findings, we suggest that seryl residue 3 is the second site of 
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phosphorylation for cAMP-dependent protein kinase. 
Kinetic studies with synthetic peptide substrates 
Kinetic parameters of phosphorylase kinase and cAMP-dependent 
protein kinase for the pentadecapeptide were determined at pH 8.2 and 
pH 6.8, respectively. Initial rates obtained were linear in all cases 
and the Lineweaver-Burk plots for the two kinases are shown in Fig. 
3. Although a single arginyl residue is present only on the NHg-terminal 
side of the phosphorylatable serine, the pentadecapeptide is a better 
substrate for phosphorylase kinase as shown by an approximately 2-
fold lower apparent K^ and a 2-fold higher (Table II). It should 
be noted that when the molar activities are compared between the two 
kinases, much bigger differences were observed. Per monomer of phos­
phorylase kinase (agyfi), = 330,000, and the catalytic subunit of 
cAMP-dependent protein kinase, = 41,000, the molar activities for 
the pentadecapeptide are ca. 4.7 and 0.29 molecules s ^ , respectively. 
Two other synthetic peptides also were tested; an N-acetylated 
octadecapeptide (AcSer^ArggPro^Leu^Ser^Asp^Gln^GlUgLysgArg^gtys^^Gln^^ 
Ile^gSer^^Val^gArg^gGly^yLeu^g), and a tetradecapeptide (Ser^Asp^Gln^ 
GlUgLySgArg^QLys^^Gln^glle^gSer^^Val^gArg^^Gly^yLeu^g), both corresponding 
to the phosphorylatable NH^-terminus of phosphorylase. Earlier, we 
found that with synthetic peptide substrates for phosphorylase kinase, 
the apparent values were always higher and values lower than 
with native phosphorylase (7, 8). These peptides did not contain the 
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sequence. Pro Leu, found in the NHgrrtermini of both phosphorylase and 
glycogen synthase. Because the possibility existed that the ProLeu 
sequence might influence the binding and reaction of the two kinases, 
kinetic studies also were undertaken with these two peptides. With 
the tetradecapeptide as substrate, the apparent kinetic parameters 
obtained for phosphorylase kinase (Table II) agreed very well with 
those reported previously (7). The N-acetylated octadecapeptide, which 
includes the ProLeu sequence, did not affect the apparent of phos­
phorylase kinase, though the apparent value was slightly increased. 
Comparison of the kinetic parameters for the pentadecapeptide with 
the octadecapeptide or tetradecapeptide shows that the apparent 
values are 3- to 4-fold higher for the latter two peptides, whereas 
the apparent values differ by less than 2-fold. Similar differences 
in kinetic parameters were obtained when native glycogen synthase and 
phosphorylase were used as substrates for phosphorylase kinase (14, 
15, 18), further indicating that the same active site is involved. 
Both the N-acetylated octadecapeptide and the tetradecapeptide also 
served as substrates for cAMP-dependent protein kinase (Table II), 
No significant differences in the apparent kinetic parameters were 
found between these two peptides, suggesting that the extra NHg-terminal 
residues are not important for enzyme recognition. 
A region with high tendency of forming 3-structure, Pro^gGly^gLeu^^ 
(33), is located at the CXDOH-terminal segment of the pentadecapeptide. 
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As shown in Table II, omission of this sequence in the undecapeptide » 
(G.S. 1 ->• 11) peptide, resulted in ca. 3-fold decrease in the apparent 
value and ca. 1.6-fold increase in the apparent K^, suggesting that 
this structural feature in the pentadecapeptide, if any, may be important 
for recognition by phosphorylase kinase. The requirement of basic 
residues around the phosphorylatable site was also investigated by 
using the (G.S. 1 + II) peptide analogs. Substitution of Ser^ by Argg 
increased the apparent V value about 7-fold, but only slightly increased 
g 
the apparent affinity for this (G.S. 1 ll)Arg peptide. Substitution 
4 
of Arg^ by Lys^, however, changed the (G.S. 1 -»• ll)Lys peptide into 
a poorer substrate with higher apparent and lower apparent values. 
In addition, substrate inhibition was observed at concentrations above 
1.5 mM (Fig. 4). In terms of primary specificity, these results indicate 
that phosphorylase kinase prefers arginyl residue(s) particularly on 
the COOH-terminal side of the phosphorylatable seryl residue, in agreement 
with the previous suggestions (7). 
Graves et al. (11) have previously demonstrated that phosphorylase 
kinase and cAMP-dependent protein kinase phosphorylate different seryl 
residues in a peptide having the sequence Leu^SergTyr^Arg^Gly^Tyr^Ser^Leug. 
However, upon prolonged incubation (36 h), subsequent trypsin digestion, 
32 high voltage paper electrophoresis, and autoradiography of the P-
peptide fragments, it was evident that both seryl residues could be 
phosphorylated by phosphorylase kinase (Fig. 5). The intensities 
of the radioactive spots showed that phosphorylase kinase still preferred 
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the phosphorylation of Serg. However, quantitive analysis of the rate 
of phosphorylation of the two seryl residues had not been attempted. 
Multisite phosphorylation also was observed when a peptide with palindromic 
sequence, LeuSerTyrArgArgTyrSerLeu, was used as substrate and similar 
results for the two peptides were obtained with cMP-dependent protein 
2 kinase , though this enzyme preferred the phosphorylation of the seryl 
residues on the OOOH-ends. Thus, the two kinases appear to be capable 
of recognizing the phosphorylatable seryl residues on either side of 
the putative requirement of arginyl residue(s). Interestingly, a peptide 
with the above palindromic sequence but synthesized with D-amino acids 
is a potent linear competitive inhibitor of phosphorylase kinase (Table 
III). The apparent values obtained with respect to phosphorylase h 
or the tetradecapeptide were ca. 0,8 mM, indicating that phosphorylase 
kinase, though, cannot phosphorylate this D-peptide effectively, must 
recognize some of its features, e.g., the arginyl residues or the intrinsic 
conformation which the peptide may have acquired. To investigate which 
portion of the palindromic sequence is more important for the expression 
of the inhibitory function and thus may act as a specific peptide inhibitor 
for phosphorylase kinase, other D-peptides with variation in sequences 
were synthesized and tested on the enzyme (Table III). It was found 
that D-peptides with at least one arginyl residue on the NHg-Cerminal 
side of the seryl residue are more potent inhibitors than those with 
an arginyl residue on the GOOH-terminal side, or two arginyl residues 
on the NHg-terminal side. 
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Differences in specificity between phosphorylase kinase and cAMP-
dependent protein kinasg 
It has previously been reported that the porcine liver pyruvate 
kinase peptide, LeuArgArgAlaSerLeuGly, is a very good substrate 
for cAMP-dependent protein kinase (5, 6). However, we found that 
phosphorylase kinase was not able to phosphorylate this peptide 
and kinetic studies showed that it was a competitive inhibitor with 
respect to phosphorylase h (Fig. 6). A secondary plot constructed 
from the slopes vs. inhibitor concentrations was linear (Fig. 6 , 
insert), with an apparent value of 1.30 mM. These results suggest 
that phosphorylase kinase may not prefer two adjacent arginyl residues 
on the NH2-terminal region of the seryl residue, though the conforma­
tion or positive charges of the peptide could still be recognized 
by the enzyme. Inhibitors of cAMP-dependent protein kinase, such 
as protein kinase inhibitor (2, 4), soybean trypsin Inhibitor (34), 
and L-Arg-Arg peptide, at concentrations of 10 yg/ml, 2.5 mg/ml, 
and 5 mM, respectively, were of no effect on phosphorylase kinase. 
Thus far, phosphorylase b can only be covalently modified by 
phosphorylase kinase (1, 2, 4). Liver phosphorylase b has been 
shown to be phosphorylated by cAMP-dependent protein kinase (35), 
however, this phosphorylation did not affect the enzyme activity. 
The coenzyme of phosphorylase, pyridoxal phosphate, has been demonstrated 
to play a role in the dephosphorylation process (36). To investigate if 
this coenzyme also has any effect on phosphorylation, apo- and pyridoxal 
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vinyl phosphonate-reconstituted forms of phosphorylase were made. 
Results indicated that modification of the coenzyme site, which 
is quite remote from the phosphorylatable site (37), caused very 
little effect on the phosphorylatability of the enzyme (Table IV). 
The apparent values of the three forms of substrates for phos­
phorylase kinase are approximately the same, though the apparent 
values vary slightly. Resolution of the coenzyme or pyridoxal 
vinyl phosphonate-reconstituted phosphorylase b still could not 
serve as substrate for cAMP-dependent protein kinase (Table IV) 
in agreement with the previous report (7). Further, no inhibition 
by these forms of phosphorylase was observed on the phosphorylation 
of histone IIB, indicating that cMP-dependent protein kinase does 
not recognize phosphorylase h isolated from skeletal muscle. 
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DISCUSSION 
The phosphorylation sites of skeletal muscle glycogen synthase 
and phosphorylase possess significant degrees of sequence homology 
(Table V). Both sites are located on the IdHg-termini of the native 
proteins and are involved in the cov aient modification and regulation 
of the enzymatic activities in glycogen metabolism (1, 2, 4, 13, 14). 
32 
Both kinases can incorporate stoichiometric amounts of P 
into the seryl residue 7 of the pentadecapeptide. Soderling et 
al. (14) reported that with native glycogen synthase in the phos-
32 phorylase kinase reaction, only 0.5 - 0.6 mol P/synthase subunit 
was obtained. The discrepancy in stoichiometry may be because the 
isolated glycogen synthase is partially modified or covalent modifi­
cation of the first two subunits affects the rates of phosphorylation 
of the other two subunits in the tetramer. In contrast, cAMP-dependent 
protein kinase can also partially phosphorylate seryl residue 3. 
This phenomenon may be similar to the phosphorylation of serine 
32 and 36 in histone IIB (2, 4). It is possible that phosphorylation 
of one site may cause a conformational change thereby enhancing 
the phosphorylation of a nearby potential site. A proline 
residue, often found in the vicinity of the phosphorylatable seryl 
residue, may also play a part in substantiating the phosphorylation 
reaction. The significance of phosphorylation of this site in terms 
of specificity requirements is being pursued in our laboratory. 
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The pentadecapeptide, though with a single arginyl residue 
on the NH^-terminal side of the phosphorylatable serine 7, is found 
to be a better substrate for phosphorylase kinase than for cAMP-
dependent protein kinase CTable II). Although there are uncertainties 
when comparing the action of different enzymes, cAMP-dependent protein 
kinase can have quite low values with synthetic peptides (4, 6). 
The results of substitution of the Arg^ in the G.S. (1 11) peptide by 
Lys^ and substitution of Ser^ by Argg indicate that phosphorylase 
kinase indeed prefers an arginyl residue on the COOH-terminal side 
of the phosphorylatable serine (7) and requires the presence of 
a positively charged residue. Lys, on the NHg-terminal (8). It 
is likely that phosphorylase kinase has multiple binding requirements. 
The conserved sequence around the phosphorylatable site of the penta­
decapeptide may be sufficient to give good alignment for binding 
even though the COOH-terminal arginyl residue is missing. Alternatively, 
the enzyme may be able to recognize the side chain orientations 
with the peptide in opposition direction; i.e., this may occur with 
the sequence in one case but ON in others. Thus, the NH^-terminal 
Arg^ in the pentadecapeptide may be recognized as positioned at 
the OOOH-terminal of the phosphorylatable Ser^ by phosphorylase 
kinase, thereby satisfying the putative sequence requirement (primary 
specificity). This suggestion of N+C or C-+-N orientation is supported 
by the multisite phosphorylation of a peptide with a sequence 
LeuSerTyrArgGlyTyrSerLeU (Fig. 5), and a peptide with a palindromic 
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sequence, LeuSerTyrArgArgTyrSerLeu. A nearly equivalent arrangement 
of side-chain groups (e.g., arginine to serine) in the active sites 
of both enzymes is possible if binding can occur with peptide backbones 
of either N+C or C+N polarity. The above explanations are also 
compatible with the recent findings that the catalytically active 
yô complex of phosphorylase kinase could enhance autophosphorylation 
and autoactivation of the holoenzyme (21), possibly also at the 
sites AlaArg^hrLysArgSerGlySer(P) ValTyrGltiProLeuLysIle (3 subunit), 
and PheArgArgLeuSer(P)IleSerThrGluSerGlx (a subunit), which are 
phosphorylated by cAMP-dependent protein kinase (14). Substrate 
inhibition of phosphorylase kinase by peptides has been observed 
4 
not only with the (G.S. 1 11)Lys peptide, but also with a few 
others (8). It has been suggested that substrate aggregation may 
be a cause (8), however, it is also possible that this phenomenon 
may be due to two molecules of substrates aligning themselves simul­
taneously at the active site (Fig. 7), one with a N>C orientation 
and the other with a C>N arrangement. 
It appears that in order for the phosphorylation reaction to 
occur, the stereochemistry of the substrate is also very important. 
The palindromic peptide and its analogs synthesized with D-amino 
acids are potent competitive inhibitors for phosphorylase kinase 
not only with respect to phosphorylase 2), but also the tetradecapeptide 
(Table III). Our data indicate that the D-peptide with the above 
palindromic sequence containing two seryl residues is a more potent 
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inhibitor than the ones with single seryl residue and at least one 
arginine on the NHg-termini. Those with one seryl residue and an 
arginine on the COOH-terminus are the least potent inhibitors. All 
of these observations could be accounted for by the putative 
sequence requirement of arginine and the possible multiple binding 
behaviour of phosphorylase kinase. 
It is not clear why c^P-dependent protein kinase cannot phos-
phorylate phosphorylase (or glycogen synthase) at the NH^-terminal 
regions. It also is not understood why phosphorylase kinase phos-
phorylates peptides less efficiently. The difference in specificity 
between the two kinases may not be due to the first four amino acids 
at the NH^-terminus of phosphorylase (Table II). It has been suggested 
earlier in our laboratory that the lack of reaction of cMP-dependent 
protein kinase with phosphorylase might be caused by a conformation 
that shields Arg^^ and exposes Arg^^ (7). However, there is no 
arginyl residue on the OOOH-side of Ser^ in glycogen synthase, though 
a sequence with high tendency of forming 0-structure, Pro^gGly^gLeu^^ 
(33), is present. Similar structural feature also occurs in phos-
phorylasq, at least with the a form (37), around residues 18-^20 (Table IV). 
Because deletion of the last four amino acids from the COOH-end of the 
pentadecapeptide increased the apparent ca. 1.4-fold and decreased 
the apparent ca. 3-fold (Table I), it is tempting to suggest 
that this structural element may act as a secondary specificity 
to prevent the binding of cAMP-dependent protein kinase to the substrate. 
186 
Studies on the possible influence of the 3-structure are in 
progress by using longer peptide substrates including a NH^-teirminus 
CNBr fragment from phosphorylase, which contains considerable tertiary 
2 
structure as observed through circular dichroism . Preliminary 
results indicated that cAMP-dependent protein kinase still could 
not phosphorylate this CNBr fragment whereas with phosphorylase 
3 kinase, the reaction proceeded readily . Another possible explanation 
for the inability of cAMP-dependent protein kinase to act on glycogen 
phosphorylase and synthase could be due to subunit-subunit interactions 
in the native proteins. This is unlikely because the catalytic 
subunit of cMP-dependent protein kinase (M^ = 41,000) is much smaller 
than phosphorylase kinase (M^ = 1.3 x 10^) and should be more accessible 
to these phosphorylatable regions, unless multiple bindings are 
required. 
Both the catalytic subunits of phosphorylase kinase (21, 38) 
and cAMP-dependent protein kinase (2, 4) have similar molecular 
wei^ts and similar abilities to phosphorylate certain peptide substrates, 
albeit distinct differences exist. Nevertheless, it is possible 
that these two enzymes may be structurally or evolutionarily related. 
Thus, with short peptide substrates, phosphorylation by these two 
kinases may occur even at the expenses of binding energy, provided 
that proper stereochemistry could be induced in the active sites. 
With longer peptides or native proteins, the accessibility to the 
phosphorylatable sites would become the dominant factor for specificity. 
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FOOTNOTES 
^The abbreviations used are: cAMP, cyclic adenosine 3',5'-monophosphate; 
ATP, adenosine triphosphate; EGTA, ethylene glycol bis (g-aminoethyl-
ether)-N,N'-tetraacetic acid; TEA, trifluoroacetic acid. 
^K.-F. Jesse Chan, Michael Hurst, and Donald J. Graves (unpublished 
results). 
Michael Hurst and Donald J. Graves (unpublished results). 
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TABLE I 
Effect of pH, preincubation, ECTA, and 6 subunit on 
the Rate of Phosphorylation of Pentadecapeptide by Phos-
phorylase Kinase 
Systems Rate of reaction 
(ymol/min/mg) 
a 
pH 6.8 0.019 
pH 6.8 4- 5 rain preincubation 0.10 
pH 6.8 + 6 subunit 0.14 
pH 8.2 0.43 
pH 8.2 (or 6.8) + EGTA 0 
^Initial rate, 
The reaction mixtures contained pentadecapeptide (2.6 inM) 
and, when present, the 6 subunit and EGTA were 10 pg/ml and 
1 iriM, respectively. Reactions were initiated with the 
addition of phosphorylase kinase. Phosphorylation was 
measured as described in Materials and Methods. 
TABLE II 
Summary of Kinetic Parameters for Phosphorylase Kinase 
(PhK) and cAMP-dependent Protein Kinase (cAK) 
with Synthetic Peptides as Substrates 
Peptide c^ 
a 
Substrates 
V 
m Molar Activity V 
m 
Molar Activity 
(mM) (pmol min ^ mg (molecules s (mM) (Vimol min ^ mg (molecules s 
Pentadecapeptide 0.70 0.86 4.73 1.34 0.42 0.29 
Tetradecapeptlde 1.20 2.50 13.8 2.80 6.40 4.37 
N-acetylated 
Octadecapeptide 1.20 3.90 21.5 1.60 4.70 3.21 
G. S. (1^-11) 1.02 0.32 1.76 
G. S. (Ml) Arg^ 0.81 2.25 12.4 
^G. S. (l-ï-ll)Lys^ 3.50 0.18 0.99 
Assays were carried out as described in EXPERIMENTAL PROCEDURES. 
Peptide substrates: 
pentadecapeptide, ProLeuSerArgThrLeuSerValSerSerLeuProGlyLeuGlu. 
tetradecapeptide, SerAspGlnGluLysArgLysGlnlleSerValArgGlyLeu. 
N-acetylated octadecapeptide, AcSerArgProLeuSerAspGlnGluLysArgLysGlnlleSerValArgGlyLeu. 
G. S. (l-*il), ProLeuSerArgThrLeuSerValSerSerLeu. 
G. S. (l->ll)Arg^, ProLeuSerArgThrLeuSerValArgSerLeu. 
G. S. (l->ll)Lys^, ProLeuSerLysThrLeuSerValSerSerLeu. 
^Substrate Inhibition, 
193 
TABLE III 
Inhibition of phosphorylaae kinase by peptides synthesized with 
D-amino acids 
D-Peptides apparent Ki (mM) 
LeuS erTyrArgArgTyrS erLeu 0.78* 
0.88 
ArgArgLeuSerLeu 3.1 
ArgLeuSerLeuArg 1.5 
ArgLeuSerLeu 1.6 
LeuSerLeuArg 3.3 
^Inhibition with respect to Tetradecapeptide as substrate. 
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TABLE IV 
Phosphorylation of native, apo-, or pyridoxal vinyl 
phosphonate reconstituted phosphorylase b by phosphorylase 
kinase or cAMP-dependent protein kinase. 
Enzyme Substrates Apparent Kinetic parameters 
Forms (mM) (limol/min/mg) 
PhK phos. b 0.23 13.3 
apo b 0.22 11.5 
VP b 0.22 8.2 
cAK phos. b 0 
apo b 6 0 
VP b 320 
histone IIB 44,75 0 
histone IIB + b 45,100 
histone IIB + apo b 43,090 
histone IIB + VP b 48,000 
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TABLE V 
Alignment of the Amino Terminal Sequences 
of Glycogen Phosphorylase and Glycogen Synthase 
1 2 3 4 5 6 7 8 9  1 0  
Phosphorylase Ac Ser Arg Pro Leu Ser Asp Gin Glu Lys Arg 
Synthase - - Pro Leu Ser - - - - -
11 12 13 14 15 16 17 18 19 20 21 22 
Phosphorylase Lys Gin lie Ser(P) Val Arg Gly Leu Ala Gly Val Glu 
Synthase Arg Thr Leu Ser(P) Val Ser Ser Leu Pro Gly Leu Glu 
FIGURE 1. Extent of phosphorylation of pentadecapeptide by phos-
phorylase kinase and cAMP-dependent protein kinase. Phosphorylase 
kinase (0.25 mg/ml), or the catalytic subunit of cAMP-dependent protein 
kinase (0.3 mg/ml), were incubated with 2.8 mM pentadecapeptide, 5.6 
32 
mM [Y- P]ATP, 10.6 iriM MgAc^, and assayed at time intervals as described 
32 in Materials and Methods. Rate of P incorporation into the peptide 
by phosphorylase kinase (•), and cAMP-dependent protein kinase (A) 
were plotted. 
Mol incorporated/Mol pentad ecapeptide 
H 
3 
(D 
3" 
W 
01 
0) 1 
FIGURE 2. Identification of sites of phosphorylation in the 
pentadecapeptide by autoradiography. The phosphorylated pentadecapep-
32 tides were cleaved by thermolysin, and the P-fragments were isolated 
32 
as described in Materials and Methods. These P-fragments were then 
subjected to two-dimensional peptide mappings and autoradiography. 
Autoradiograms for phosphorylase kinase (A), and cAMP-dependent protein 
kinase (B) reactions were shown. 
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High-voltage electrophoresis 
X Origin 
High-voltage electrophoresis 
X Origin 
$ Leu Ser 0 Pro Leu Ser Arg Thr 
FIGURE 3. Double reciprocal plots of initial velocity vs. penta-
decapeptide concentration at constant MgATP for (A) phosphorylase 
kinase, (B) cAMP-dependent protein kinase. Assays of phosphorylase 
kinase (8.2 pg/ml) and cAMP-dependent protein kinase (13.7 yg/ml) 
32 
were carried out at pH 8.2 and 6.8, respectively, with 2.24 mM [y- P]AIP 
as described in EXPERIMENTAL PROCEDURES. The reciprocal of the initial 
velocities are plotted as a function of the reciprocal of pentadeca-
peptide concentrations. 
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PhK 
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1/PENTADECAPEPTIDE 
cAK 
CL 
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1/PENTADECAPEPTIDE 
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J 1 1 L 
0 .5  1  1 .5  2  
1/(G.S. 1-11)LYS^ 
FIGURE 4. Double reciprocal plot of initial velocity vs. 
(G.S.1->11) Lys^ peptide concentration for phosphorylase kinase. 
Phosphorylase kinase (8.2 yg/ml) was assayed at pH 8.2 with 
various concentrations of (O.S. l->-ll)Lys^ peptide and 2.84 
inM[y-^^P]ATP as described in EXPERIMENTAL PROCEDURES. 
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LEUSER(P)TYRARG 
GLYTYRSER(P)LEU 
LEUSERTYRARG 
LEUSERTYRARGGLYTYRSERLEU 
GLYTYRSERLEU 
ORIGIN 
LEUSER(P)TYRARGGLYTYRSER' 
(P)LEU 
FIGURE 5. Evidence of two phosphorylatable sites on the 
LeuSerTyrArgGlyTyrSerLeu peptide. T^e peptide (4 niM) was incubated 
32 
with phosphorylase kinase for 36 h and excess [y- P]ATP was void from 
the reaction mixture by using AG 1 x 8 anion exchanger in 30% acetic 
32 32 
acid. Approximately 0.16 mol P/mol were incorporated. The P-pep-
tide was separated from the mixture on a Dowex 50W x 2 column and was 
lyophilized, digested with trypsin at a ratio of 50:1 (w/w), and 
subjected to high voltage paper electrophoresis at 2000 V, pH 6.4, for 
32 90 min. The electrophoretogram of the P-fragments identified with 
fluorescamine (a) and autoradiography (b) are shown, and the original 
peptide (c) and its tryptic digest (d) were also included for 
comparison. Order of intensities of the identifiable spots: •>•>*'?. 
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CL 
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a. 
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7 _ 
± 
1 2 
PEPTIDE (MM) 
2 -
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PEPTIDE 
(MM) 
8 
1/PHOSPHORYLASE B (MM"^) 
10 
FIGURE 6. Competitive Inhibition of phosphorylase kinase by 
porcine pyruvate kinase peptide, LeuArgArgAlaSerLeuGly, relative to 
phosphorylase b. The reciprocal of Initial velocity assayed as 
described In EXPERIMENTAL PROCEDURES Is plotted vs. the reciprocal 
of phosphorylase b concentration at various but constant levels of the 
porcine pyruvate kinase peptide. Insert: secondary plot of the slopes 
vs. Inhibitor concentrations obtained from the primary plot. 
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NORMAL 
PEPTIDE 
K„ AND/OR 
V,, CHANGED 
MISALIGNED 
PEPTIDE 
SUBSTRATE 
INHIBITION 
BINDING OF 
TWO SUBSTRATES 
PEPTIDE 
FIGURE 7. Model of substrate binding and substrate inhibition. 
The possible effects of different modes of substrate binding on the 
kinetic parameters are shown. 
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GENERAL DISCUSSION 
Perhaps nature is playing dice with us. Nevertheless, phosphoryl-
ase kinase is one of the most intriguing enzymes known thus far, metic­
ulous and complex not only in regulation, but also in structure. 
These two phenomena probably have a mutual relationship. Yeast 
phosphorylase kinase, for example, is estimated to have a molecular 
weight of only 50,000 (88), whereas the mammalian kinases probably 
g 
have a general structure of (a3Y6)^ and a mol. wt. of 1.3 x 10 (27, 28). 
The increased intricacy of the enzyme may be a consequence of 
evolution. At the time of prey or defense, energy production 
and muscle contraction in response to the delicate neural or 
hormonal controls must be well-coordinated, possibly at the level 
of phosphorylase kinase in the glycolytic fast-twitch muscle. 
In the more oxidative slow-twitch and cardiac muscles, the enzyme 
cascade (Fig. 1) is not so obvious because the relative molar 
ratios of cAMP-dependent protein kinase, phosphorylase kinase, 
and phosphorylase are 1:0.25:14 and 1:0.15:25, respectively, 
as compared to 1:10:240 in the fast-twitch muscle (8). Also, 
a different isozyme of phosphorylase kinase, (a'gy6)^, is present 
in both of these tissues which does not have an absolute requirement 
of calcium ion for activity and its response to stimulation by 
calmodulin (or troponin) is far less sensitive (69). It appears, 
therefore, that there is a teleological purpose in the evolution 
of enzymes or proteins. 
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The (S subunit, which is identical to the ubiquitous calcium-
2+ dependent modulator protein termed calmodulin, may confer Ca -
sensitivity to the enzyme due to fluctuation in cellular calcium 
ion concentrations as a result of neural or a-adrenegic response. 
2+ 
Thxis, this subunit may behave like a built-in sensor for Ca 
This could be important as it alleviates the diffusion time of 
association-dissociation so that a faster enzymic action is expressed. 
The y subunit contains the sole catalytic site for the conversion 
of phosphorylase h and glycogen synthase. By itself, the y subunit 
2+ is a Ca - and cyclic nucleotide-independent kinase with about 
30% of the total phosphorylase kinase activity. It is not known, 
however, whether the y subunit alone has a broader substrate 
specificity. Future experiments on this aspect should prove 
helpful in the understanding of substrate specificity and regulation. 
The g subunit plays a vital role in the regulation of 
phosphorylase kinase. The high activity observed for the ayô 
complex at physiological pH implies that lack of physical constraint 
from the 3 subunit activates the enzyme due to an increase in 
affinity of phosphorylase Z?. It is also possible that phosphorylation 
of this subunit may cause a change in conformation of the enzyme 
into an active state. Alternatively, the 3 subunit may have 
a site which acts like a substrate inhibitor or blocks the catalytic 
center of the Y subunit ; phosphorylation of this site may partially 
abolish the inhibitory effect and enhance autophosphorylation 
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and autoactivation of the enzyme. The catalytic subunit of cAMP-
dependent protein kinase, = 41000, may be small enough to 
get access to the same site. However, it is also possible that 
there are two distinct phosphorylatable sites on the 3 subunit. 
One site may be more peripheral, thus facilitating the accessibility 
to cAMP-dependent protein kinase and phosphorylase kinase itself. 
Phosphorylation of this site through an intermolecular process 
causes activation of the enzyme, perhaps as a consequence of 
hormonal stimulation. The other phosphorylatable site on the 
3 subunit may be in juxtaposition to the active site and is normally 
phosphorylated by the y subunit. This results in an intramolecular 
autoactivation of phosphorylase kinase, perhaps in response to 
neural control. In fact, it was found that up to 2 mol phosphate 
could be incorporated into the 3 subunit (8, 10). It is possible 
that phosphorylation of one site may potentiate the phosphorylation 
of the other, and mutually, both processes can enhance the enzyme 
activity. During the usual course of phosphorylation and activation 
of phosphorylase kinase, one may anticipate a complex interplay 
and overlap between these two sites. Detailed analysis of the 
rates of phosphorylation of these regions should be helpful in 
the understanding of the activation phenomenon. 
Current evidence indicates that the a subunit also is very 
important in the regulation of phosphorylase kinase. This subunit 
plays an important role in the sensitivity of the enzyme to calcium 
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ions not only due to its interaction with the y and 6 subunits, 
but also in response to the stimulatory effect of calmodulin 
(6') or troponin. The a subunit, possibly together with the 
3 subunit, may act as a depot for the binding and mobilization 
of intracellular calmodulin. Because almost one-third of the 
calmodulin found in muscle cells (89) exists as the 6 subunit 
(24), the capability of binding extra calmodulin implies that 
most of this calcium-dependent modulator protein could be centralized 
in phosphorylase kinase. This may be advantageous in cellular 
economy both in space and protein turnover. It is possible that 
the turnover rate of phosphorylase kinase may be minimized through 
the interaction with calmodulin or its analogs. Further, if 
it is true that troponin C is the dominant-physiological calcium-
dependent regulator of phosphorylase kinase in skeletal muscle 
(66), this could represent an important mechanism for coupling 
glycogenolysis and muscle contraction. Very little is known 
on the function of multisite phosphorylation. Results presented 
in this dissertation (Section II) show that phosphorylation of 
the a subunit has no effect on the activity of the ayô complex. 
These observations appear to support the "second site hypothesis" 
proposed by Cohen (48), though more studies should be done in 
these areas. The regulatory function of the a subunit in terms 
of cellular metabolism is more fascinating when the isozymes 
of phosphorylase kinase are considered. Fortunately, the cardiac 
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enzyme could be purified to near homogeneity (33) and isozymes 
from rabbit skeletal muscle could be separated (69). Analysis 
and comparison of these isozymes should be fruitful in the under­
standing of tissue specificity and metabolism. 
At the molecular basis, the substrate specificity between 
phosphorylase kinase and cAMP-dependent protein kinase appears 
to be very similar. Both kinases can phosphorylate peptides 
with identical primary sequence, though subtle distinctions exist 
in the preference of positively charged residues, in particular, 
arginyl residues. Although cAMP-dependent protein kinase can 
phosphorylate a variety of proteins, potential protein substrates 
for phosphorylase kinase are quite scarce (8, 10). This difference 
may be due to distinct tertiary structure requirements (secondary 
specificity) of the substrates for the two kinases. At any rate, 
because the catalytic subunits of phosphorylase kinase and cAMP-
dependent protein kinase have very similar molecular weights, 
it is possible that they may be evolutionary or structurally 
related, at least at the active sites, in analogy to proteases 
such as trypsin and chymotrypsin. It is difficult to perceive 
that phosphorylase kinase, with such complex structure and regulatory 
inechanism(s), has only limited substrate specificity. Therefore, 
potential substrates and effects should be investigated for phosphorylase 
kinase in other systems, e.g., central nervous system, cell prolifera­
tion, and gene regulatory systems. 
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A model for the possible structure of phosphorylase kinase is 
proposed in this dissertation. However, detailed studies of the 
topography are necessary to establish the architecture of this protein. 
Techniques such as electron microscopy in conjunction with immuno-
fluorescent monoclonal antibody labelling, competitive chemical 
labelling, and detailed cross-linking analysis should be attempted. 
Utimately, X-ray crystallography of the kinase should provide unequivoc-
able data on the arrangement of the different subunits, though this 
must await or be concurrent with the amino acid sequence determination 
of the different subunits. Of course, these are very formidable tasks. 
Thorough characterization of the different subunits and 
their reconstituted moieties are also inevitable in order to 
obtain an insight into the modes of interaction among the sixteen 
polypeptides in phosphorylase kinase. In the future, one would 
anticipate questions such as; 
1. How do the different subunits communicate 
with one another? 
2. Through what means do the regulatory and 
catalytic information transfer among 
the subunits? 
3. How much biological information is contained 
in a huge and complex enzyme such as 
phosphorylase kinase? 
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4. How are the eubunits biosynthesized and 
what are the mechanisms for their assembly 
to form the holoenzyme? 
5. What is the pattern for the degradation of 
phosphorylase kinase or the mechanism for 
its biological turnover? 
6. How are the gene(s) for phosphorylase kinase 
being expressed and regulated? 
In conclusion, the study of phosphorylase kinase may not 
solve all the enigma, it certainly should provide a better insight 
into the beauty of nature. 
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